PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: September 1, 2020

REVISED: December 22, 2020
ACCEPTED: December 22, 2020
PUBLISHED: February 11, 2021

DK I =0, DK I = 0,1 scattering and the
*(2317) from lattice QCD

Gavin K.C. Cheung,® Christopher E. Thomas,»! David J. Wilson,*! Graham Moir,’
Michael Peardon® and Sinéad M. Ryan® for the Hadron Spectrum Collaboration
“DAMTP, University of Cambridge, Centre for Mathematical Sciences,
Wilberforce Road, Cambridge, CB3 0WA, U.K.
b Hurstpierpoint College, College Lane, Hurstpierpoint,
West Sussex, BN6 9JS, U.K.
¢School of Mathematics and Hamilton Mathematics Institute, Trinity College,
Dublin 2, Ireland
E-mail: gavincheung.kc@gmail.com, c.e.thomas@damtp.cam.ac.uk,
d.j.wilson@damtp.cam.ac.uk, graham.moir@hppc.co.uk, mjp@maths.tcd.ie,

ryan@maths.tcd.ie
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Introduction

Many questions in hadron spectroscopy remain unanswered following recent precision data

from experiments investigating the charm quark. These studies revealed a number of sur-

prising features. While the best known are the so-called “XY Zs”, some of which appear as



charmonium-like states close to thresholds for two-meson decay, open-charm mesons also
show unexpected properties. Ultimately, forming a complete understanding of mesons re-
quires calculation of the scattering amplitudes involving meson states. Since the dynamics
of hadrons is governed by quantum chromodynamics (QCD) which is strongly coupled at
hadronic energy scales, a non-perturbative method is needed. A lattice regularisation of
the QCD path integral provides just such a technique, amenable to large-scale numerical in-
vestigation. The aim of lattice spectroscopy studies is to connect experimentally-observed
hadron resonances directly with the QCD Lagrangian in order to learn more about the
confined constituents of these states. With a more complete understanding of scatter-
ing involving mesons made of charm quarks as a goal, the work described in this paper
investigates the charm-anti-strange and charm-strange sectors.

The D},(2317) charm-anti-strange scalar meson, first observed by the BaBar collabo-
ration [1], has attracted significant attention. The mass is much lower than predicted by
the quark model [2], where it is described as a spin-triplet P-wave orbital excitation, and is
surprisingly close to the corresponding charm-light scalar state, D{(2400). The D%,(2317)
appears as a very narrow resonance below the DK threshold and decays almost entirely to
D70 breaking isospin symmetry. This contrasts strongly with the Dg(2400), found above
the corresponding D7 threshold and seen as a broad resonance close to predictions from
the quark model. A number of explanations for the failure of the quark model to predict
the D?;(2317) meson mass reliably have been postulated, the most common modelling it
as a DK molecule, a tetraquark or a conventional meson which has its properties modified
by coupling to DK (see for example ref. [3] for a recent review). An axial-vector state,
D;1(2460), was also discovered [4] and similarly does not fit easily into expectations based
on a quark model. While this article was being finalised, LHCb announced the observation
of a structure in the exotic-flavour D~ K™ (¢sdu) channel at an energy ~ 2.9 GeV [5-7].

We have recently performed a lattice QCD calculation of the coupled-channel D,
Dn, DK isospin-1/2 scattering amplitudes [8] in an attempt to understand the Df(2400).
The scattering amplitudes were analytically continued in the complex plane and a scalar
bound state was found just below the Dm threshold. This calculation was performed
with unphysically-heavy light quarks corresponding to m, = 391 MeV and calculations
closer to the physical point are required to make a more definite comparison with the
experimentally-observed state.

This work focuses on the charm-anti-strange and charm-strange sectors, calculating
the isoscalar (I = 0) DK elastic scattering amplitudes in S, P and D partial waves, along
with isoscalar and isovector (I = 0 and 1) DK scattering. Computations are performed
on two sets of Monte Carlo ensembles of gauge configurations, sampled with light-quark
masses corresponding to pion masses of approximately 239 and 391 MeV. A large range
of finite-volume spectra is extracted for various irreducible representations of the group of
spatial rotations, including for systems with overall non-zero momentum with respect to the
lattice. From the energy levels, the infinite-volume scattering amplitudes are constrained
using the Liischer method and then analytically continued in the complex plane where the
pole singularities correspond to bound states and resonances. A scalar bound state is found
in I = 0 DK which we identify with the D%;(2317). In addition, a deeply bound state



and a resonance are found in the P and D wave scattering amplitudes respectively. For
both the S and P-wave bound states, comparisons between the two sets of ensembles show
little light-quark mass dependence. In addition, we find suggestions of a virtual bound
state in S-wave DK. Some preliminary results from these calculations have appeared in
refs. [9, 10].

The rest of this paper is organised as follows: sections 2 and 3 give the calculation de-
tails and lattice parameters. Results for the finite-volume spectra are presented in section 4
and the scattering amplitudes, derived using Liischer’s framework, are given in section 5.
In section 6 we analytically continue the amplitudes to the complex energy plane and find
the location of pole singularities, interpret the results and compare with previous lattice
calculations which have studied DK /DK scattering [11-15]. A summary and outlook are
presented in section 7.

2 Calculation details

Lattice QCD calculations are performed in a finite volume leading to the quantisation of
momentum and a discrete spectrum. For a cubic spatial volume with periodic boundary
conditions such as that used in this work, momentum is quantised as P = 2%(ngc, Ny, Nz),
where L is the spatial extent and n; are integers; we will use a shorthand notation [ngn,n.].
Furthermore, the finite volume and lattice discretisation break the continuous rotational
symmetry of an infinite-volume continuum. This means that angular momentum, J, is not
a good quantum number and states must instead be labelled by the irreducible represen-
tations (irreps) of the remaining symmetry group. For a cubic lattice and spatial volume,
the relevant group is the octahedral group with parity, Oy, for mesons at rest [16] and the
smaller little group, LG(ﬁ), for mesons at non-zero momentum P [17].

We will follow our well-established procedure to determine the finite-volume spectrum
in each channel. A matrix of correlation functions is computed,

Cij(t) = {010;(1)O}(0)[0) (2.1)

for a basis of interpolating operators, {O;}, with the appropriate quantum numbers. The
spectrum is then extracted using a variational method where a generalised eigenvalue prob-

lem Cj;(t)v] = A"(t,t0)Ci;(to)vy is solved for some appropriate choice of #o [18, 19]. The

n’th eigenvalue A", referred to as a principal correlator, is related to the energy E, of the
n’'th energy eigenstate |n). In our implementation, detailed in refs. [20, 21], the energies
are obtained by fitting the principal correlators to the form A*(t,ty) = (1 — A, )e~Enlt=to) 4

AneEa(t=10). the fit parameters are Fj, E/ and A,, and the second exponential is used to
n
7

the matrix elements, Z!' = (n]O;r |0}, and can be used to construct the variationally-optimal

account for possible contamination from excited states. The eigenvectors, v, are related to
combination of {O;} to interpolate |n), Qf = ivf(’)z.

The basis of operators used must have an appropriate variety of structures to ro-
bustly extract the finite-volume states of interest (see e.g. refs. [22-24]). In this work,
we use single-meson operators, (’)I/\\,H“ (]3), with a structure resembling a single meson, and
meson-meson operators, O&’i Mo (]3), with a structure resembling two mesons, projected
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Figure 1. A schematic representation of the types of Wick contraction topologies that contribute

to isospin-0 DK and isospin-0 and 1 DK correlation functions involving D (single-meson) and

DK/K (meson-meson) operators. The grey ellipses represent fermion-bilinear operators with var-

ious structures or sums of such operators. For each irrep we compute sums of several thousand
Wick contractions with these sorts of topologies.

onto definite momentum, ]3, and transforming in an irrep, A, and row, u, of the relevant
symmetry group. Single-meson operators [21, 25] are constructed from fermion bilinears,
Yoz eiP fﬁfﬁ ..., with a definite J that are then subduced to the lattice irrep. Meson-
meson operators [22, 26| are constructed from the product of two single-meson operators,
> 5.5 C (]5’1,;6’2)92;411 (]5’1)(2&12 (p2) where C is a generalised Clebsch-Gordan coefficient and
QIJ&/L (p;) is a variationally-optimised operator for interpolating meson M. Previous calcu-
lations have suggested that local tetraquark-like operators have little effect on the spec-
tra [24, 27]. Because we only consider an energy region well below any relevant three-meson
thresholds, we do not include operators constructed with a structure resembling three or
more mesons [24, 28]. The specific bases of operators we use for each channel are presented
in appendix A.

To calculate the matrix of two-point correlation functions, we use the distillation
framework [29]. In this approach, the quark fields appearing in interpolating operators
are smeared with a distillation operator, CI(t) = S Nvees &(t)f;-r (t), where &; are the lowest
Nyecs eigenvectors of the discretised gauge-covariant Laplacian. This procedure factorises
the computation of correlation functions and allows us to consider operators with vari-
ous structures where each operator is projected onto a definite momentum. In addition,
distillation enables contributions to Wick contractions where quark fields annihilate to be
computed efficiently. A schematic representation of the diagrams contributing to isospin-0
DK and isospin-0 and 1 DK is presented in figure 1.

3 Lattice details

We perform calculations on anisotropic lattices where the temporal lattice spacing, a;, is
smaller than the spatial lattice spacing, as ~ 0.12 fm, such that £ = as/a; ~ 3.5 — the finer
resolution in time enables a better extraction of finite-volume energies from two-point cor-
relation functions. The discretised QCD action consists of a tree-level Symanzik-improved
gauge action and a Wilson-clover fermion action with Ny = 2 + 1 flavours of dynamical
quarks (two degenerate light up and down quarks and a heavier strange quark) [30, 31]. In
this work we use two sets of ensembles: one volume where the light quark mass parameter
is tuned such that m,; = 239 MeV and three volumes with m, = 391 MeV; in both cases



Ensemble (L/as)® x (T/ay) Nefgs Nigres Nyecs
my = 239 MeV 323 x 256 484 1 (DK, DK, disp) 256
163 x 128 478 8 (DK, DK, disp) 64

my = 391 MeV 203 x 128 603 3 (DK, DK), 4 (disp) 128
243 % 128 553 1 (DK), 1-3 (DK), 4 (disp) 162

Table 1. Summary of the lattice ensembles used in this work. The volume is given by (L/as)? x
(T'/at) where L and T are the spatial and temporal extents of the lattice. Neggs is the number of
gauge field configurations used, Niges is the number of time-sources used per configuration, and
Nyecs 18 the number of distillation vectors in the distillation framework. The number of time sources
used to compute the momentum dependence of the Dg:)) energies for the dispersion relation fits,

figure 2, are indicated by “disp”.

azm at Ethreshold

My 239 MeV 391 MeV My 239 MeV 391 MeV
7w | 0.03928(18) [23] | 0.06906(13) [26] DK | 0.39267(13) | 0.4300(3)
K | 0.08344(7) [23] | 0.09698(9) [36] Dgn 0.4166(6) | 0.4481(3)
n | 0.09299(56) [23] | 0.10364(19) [37] D*K 0.4140(3) | 0.4519(5)
D | 0.30923(11) [33] 0.33303(31) Din 0.4375(6) | 0.4695(4)
Dy 0.32356(12) 0.34441(29) Dgnmr | 0.4021(3) | 0.4825(3)
D* 0.33058(24) 0.35494(46) Dinmm | 0.4230(3) | 0.5040(4)
D 0.34448(15) 0.36587(35)

Table 2. Left: relevant stable meson masses for the m, = 239 MeV and m, = 391 MeV ensembles
from dispersion fits. Right: relevant kinematic thresholds.

the strange quark is tuned to approximate the physical strange quark mass. The quenched
charm quark is described by the same action with the mass parameter tuned to reproduce
the physical 1. meson mass [32, 33]. Details of the lattice ensembles used are summarised
in table 1.

When quoting results in physical units, we set the scale using the mass of the 2 baryon
to determine a; L= mghys Jaimg. This gives a; L' = 6079 MeV for the m, = 239 MeV
ensemble [34] and a; ' = 5667 MeV for m, = 391 MeV [35].

The masses of stable mesons used when extracting scattering amplitudes, along with
masses of other relevant stable mesons and kinematic thresholds, are summarised in ta-
ble 2. The anisotropy, &, can be determined by fitting the momentum dependence of a
stable hadron’s energy to the relativistic dispersion relation [26]. On the m, = 239 MeV
ensemble, &, = 3.453(6), {x = 3.462(4) [23] and {p = 3.443(7) [33] from the 7w, K and
D meson respectively, which are broadly consistent within statistical uncertainties. In the
calculations of scattering amplitudes we will take £ = &, = 3.453(6), but when estimating
contributions to the systematic uncertainties we use values spanning the range of these
anisotropies, £ = 3.436 and 3.466. For the D meson mass on this ensemble we use the
result of the fit to the dispersion relation in ref. [33] and analogous fits for the D, and

DE*S) mesons.



& 3.479(8)
03662} @111 1 * .
DS 5 at Elag. Epr |, = 3.488(8)
0.3658 § &p 3.464(8)
0.3654 % Dl Lo = 3.489(8)
16 20 24 Ep, = 3.457(4)
03552t Ay M p* %
03548 § &p = 3.466(4)
0.3544] %
16 20 24
03450 At D
0.3446] il
0.3442 % §
16 20 24
0.3336} QMM D
0.3332] §
0.3328]
% § L/a L L L L FLZ 2m
16 20 24 s 0.1 0.2 03 04 L/a,
Figure 2. Charmed meson masses and dispersion relation fits on the ensembles with
my; = 391 MeV. Left panel shows meson masses extracted on each volume from a fit to the

dispersion relation on that volume. Right panel shows the meson energies from all three volumes
as a function of momentum and results of fits to the dispersion relation on the largest volume —
these all give a reasonable fit to the data.

On the m; = 391 MeV ensembles, &, = 3.444(6) [26] and {x = 3.449(4) [36]. For the
D meson we update the original dispersion fit presented in ref. [32] with a fit that includes
all the propagators now available and the 203 volume — figure 2 summarises the results.
The right panel shows a fit on the largest volume which gives {p = 3.466(4). We will
use { = &, = 3.444(6), but when estimating some of the systematic uncertainties we use
values spanning the range of the w, K and D anisotropies, £ = 3.438 and 3.470. As the
central values for the charm meson masses (see table 2) we take the average from fits to
the dispersion relations on the 20% and 243 volumes separately,! and for the uncertainty we
quote a value which spans the central values and uncertainties obtained from those fits.?

In the left panel of figure 2 it can be seen that on each volume the mass of the D
meson is extracted with high statistical precision and there are small but statistically
significant differences between the different volumes. To allow for this systematic effect
in our analyses, we add an additional systematic uncertainty to each finite-volume energy
level on the m, = 391 MeV ensembles via,

=

atéElat. — atéElat.Jrsyst. = a (5E12at. + 5Es2yst.) )

where we estimate dFEgy. = 0.00021 to span an envelope of the central values of the D
meson masses on the 20% and 24 volumes.

"We do not include fits on the 16% volume because this is a relatively small spatial volume and so
exponentially-suppressed finite-volume effects may be more significant.
2We quote a symmetric uncertainty which is the larger of the + and — uncertainties.



P LG(P) A | N 0)4 N
NP (P #0)

A7 | 0F, 4t 0!, 41

T, | 17,37,(47) 11, 3!

E+ | 2t 4t 21 41
0,0,0  Of (On) | T, |2F, 4%, (%) | 2!, 4

T |4t (1t,8t) | 4t

T, [37,(27,47) | 3!

Ay |37 3!

A; | 0T, 4 0!, 1%, 21, 31 42

E, | 1,3 11,21, 3% 42
[0,0,n] Dicy (Cay) | By |2 21 31 41

By |2 21 3% 41

Ay | 4, (07) 41

Ay | 0%, 2,4 0!, 1%, 22, 32 43
[0,m,n] Dicy (Coy) | By | 1,3 11, 21 32 42

By, | 1,3 11,21, 3%, 42

Ay | 2,4, (07) 21, 31, 42

Ay | 0F,3 0!, 1%, 21, 32 42
[n,n,n] Dics (Csy) | Ey | 1,2,4 11, 22,32 43

Ay |3, (07) 31, 4!

Table 3. The pattern of subductions of pseudoscalar-pseudoscalar partial waves, £ < 4, into lattice
irreps, A, when the pseudoscalars have unequal mass, e.g. DK or DK (from table IIT of ref. [36]).
Here N is the number of embeddings of this £ in the irrep and n is a non-zero integer. LG(P) is the
double-cover little group and the corresponding single-cover little group relevant for only integer
spin is given in parentheses. Also shown are the various J < 4 or |A| < 4 that appear in each of the
relevant irreps. The J¥ values and |A|7 = 0~ in italics are in the “unnatural parity” [P = (—1)/*1]
series and do not contribute to pseudoscalar-pseudoscalar scattering.

4 Finite-volume spectra

In this section we first present the finite-volume spectra obtained in the isospin-0 DK
sector on the m,; = 239 MeV and m, = 391 MeV ensembles, and then show the analogous
isospin-0 and isospin-1 DK results. The J* and pseudoscalar-pseudoscalar partial waves,
£, which contribute to the different irreps are presented in table 3. These spectra are
analysed to determine scattering amplitudes in section 5.

4.1 DK I = 0 with m, = 239 MeV

The extracted DK I = 0 finite-volume spectra on the m, = 239 MeV ensemble, computed
using the operators listed in table 6 in appendix A, are shown in figure 3 labelled by [ﬁ]A(P ),
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Figure 3. DK I = 0 finite-volume spectra on the m, = 239 MeV ensemble labelled by [ﬁ]A(P ).
Points show the extracted finite-volume energy levels transformed to the centre-of-momentum frame;
black points are used in the scattering analysis whilst grey points are not. Dotted lines show relevant
kinematic thresholds. Solid lines/curves show non-interacting energies with dashed curves indicating
non-interacting energies where the corresponding operator was not included in the basis.

where parity, P, is a good quantum number for P=0. Along with the computed energies,
kinematic thresholds and non-interacting energies are also shown. In the scattering analyses
we use the energy levels below D*K threshold in the A] and A; irreps, and levels below
Dy threshold in other irreps® — these are shown as black points in the figure. Some

representative examples of the underlying principal correlator fits are given in appendix B.

We will analyse these spectra to determine scattering amplitudes in section 5, but here
we make some qualitative observations. The top row of figure 3 shows irreps where the

3Three pseudoscalars cannot appear in J- = 0%



lowest contributing partial wave is £ = 0. The presence of an ‘extra’ energy level in the
energy region a;Fey ~ 0.38 — 0.41 compared to the number expected in the absence of
meson-meson interactions, as well as shifts away from the non-interacting energy levels,
suggests there are significant DK interactions. This feature could arise from a J = 0%
bound state or resonance in S-wave DK scattering.

An additional ‘extra’ energy level is seen at a;Fcy, ~ 0.34 far below DK threshold in
Aq irreps with P # 0 — these contain £ = 1 contributions, suggesting a deeply bound 1~
state in P-wave. Further evidence for this can be seen in the irreps in the bottom row of
figure 3 which have ¢ = 1 as the lowest contributing partial wave (all except for [000]E™
where ¢ = 2 is the lowest partial wave), where a similar energy level is found.

It is interesting to note the presence of another ‘extra’ level below D*K threshold in
the [100]E2, [110] By 2 and [111]E5 irreps at a;Eem ~ 0.41. Such an energy level could arise
from a bound state or resonance in D*K scattering with J© = 17. We only consider elastic
DK scattering in this study and an extended coupled-channel analysis would be needed to
draw further conclusions on this — we return to this point in section 5.1.3.

The [000]E™T irrep shown in the bottom row of figure 3 has ¢ = 2 as the lowest con-
tributing partial wave. The lowest level shows no significant shift away from the associated
non-interacting energy, suggesting no significant interactions in this energy region. How-
ever, at higher energies we observe ‘extra’ levels which have dominant overlap with cs
fermion-bilinear constructions subduced from J¥ = 2% continuum operators.

4.2 DK I =0 with m, = 391 MeV

Finite-volume spectra for DK I = 0 with m; = 391 MeV are presented in figure 4,
computed using the operators listed in table 7. The energy levels we use in the scattering
analyses are shown as black points — these are the levels well below Dyn threshold in the
irreps where the lowest contribution is £ = 0 or 1 DK, and the low-lying levels in other
irreps; on the 163 volume we only use the [000]A] and [000]7}" irreps. Some representative
examples of the underlying principal correlator fits are again given in appendix B.

The spectra show similar qualitative features to the m, = 239 MeV spectra in figure 3.
An ‘extra’ level is observed in the energy region a;Fen =~ 0.41 — 0.45 in irreps which have
contributions from ¢ = 0. A level is found around a; Fem ~ 0.36 far below DK threshold
in irreps which contain contributions from ¢ = 1, suggesting a 1~ deeply bound state.

The bottom row of figure 4 shows irreps which have ¢ = 2 as the lowest contributing
partial wave. The presence of an ‘extra’ energy level in the energy region a;F., =~ 0.45—0.46
and shifts of levels away from non-interacting energies suggests that there is a non-trivial
interaction in D-wave DK.

4.3 DK I = 0,1 with m, = 239 MeV

Finite-volume spectra for DK with I = 0 and I = 1 on the m,; = 239 MeV ensemble,
computed using the operators listed in table 8, are shown in figure 5. These exotic-flavour
combinations cannot be interpolated by single-meson (fermion-bilinear) operators, quark-
line annihilations are not possible and, as shown in figure 1, each Wick diagram contains
exactly four quark lines that propagate from source to sink. In the scattering analyses
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Figure 4. As figure 3 but for I =0 DK on the m, = 391 MeV ensembles.
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Figure 5. As figure 3 but for I =0 and I = 1 DK on the m, = 239 MeV ensemble.

we use the energy levels shown in black in figure 5 — these levels are well below DK
threshold and the lowest non-interacting D*K energy level. Some representative examples
of the underlying principal correlator fits are given in appendix B.

The qualitative pattern of energy levels is very different to the case of I = 0 DK.
For both isospins, we see no sign of any ‘extra’ levels and the energies show only small
shifts away from the non-interacting energies, suggesting weak interactions. However, in
the I = 0 channel there are negative shifts in irreps where ¢ = 0 contributes, suggesting an
attractive S-wave interaction, with very small shifts in other irreps. In the I = 1 channel
there are small positive shifts in the irreps with ¢ = 0 suggesting weak repulsion.

4.4 DK I = 0,1 with m, = 391 MeV

Finite-volume spectra for DK with I = 0 and I = 1 on the m, = 391 MeV ensemble,
computed using the operators listed in table 9, are shown in figures 6 and 7 respectively.
These spectra show the same qualitative features as those on the m, = 239 MeV ensemble
in figure 5. In the scattering analyses we use the energy levels shown in black in the figures
— these are levels below the lowest non-interacting D*K energy level. Some representative
examples of the underlying principal correlator fits are again given in appendix B.
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5 Scattering amplitudes

Infinite-volume scattering amplitudes are related to finite-volume energy levels through a
quantisation condition derived by Liischer and subsequently extended by many others. For
the case of elastic hadron-hadron scattering,* the quantisation condition [39-47] for lattice
irrep A with overall momentum P can be written as,

det [0pp Oppy + ip(Ecm) t(é) (Ecm) ((Mzénn/ + iMij/n,(Ecm, L)>:| =0, (5'1)

where the determinant is over £, the partial waves which subduce into A, and n, indexing the
embeddings of £ in A; the pattern of subductions is shown in table 3. Here p(Ecm) = 2k/Ecm
is the phase space, Fcy and k are the energy and momentum in the centre-of-momentum
(cm) frame, and ¢ is the infinite-volume t-matrix in partial wave £, which for elastic scat-

tering can be written in terms of a single energy-dependent scattering phase-shift, dy(Fep ),

as t) = %eié@ sin §y. The volume-dependent matrix of known functions of energy, Mg;fz,n/,

is not diagonal in partial waves, a manifestation of the reduced symmetry of a finite cubic
volume. Ref. [48] reviews this formalism and its application to the determination of elastic
and coupled-channel scattering amplitudes.

In principle, an infinite set of partial waves contributes to the finite-volume spectrum in
each irrep and the determinant in eq. (5.1) is over an infinite-dimensional space. However,
the kinematic suppression of higher partial waves close to threshold (in the absence of
any dynamical enhancement) enables us to consider only the lower partial waves which
contribute to each irrep. If, in a particular energy region, only one partial wave is relevant
for a given irrep, eq. (5.1) gives a one-to-one relation between each energy level, Ecn,, and
the scattering t-matrix (or phase shift) at that energy.

When more than one partial wave is relevant there is no longer a one-to-one mapping
between energy levels and phase shifts. We will follow the approach of ref. [26] where the
energy dependence of the t-matrix is parametrised in terms of a small number of parameters
and the best fit to the extracted finite-volume spectra is found by varying the parameters,
minimising a x? function (eq. (9) in ref. [22]). In order to ensure that results are not biased
by a particular choice of parametrisation, we consider a variety of different forms.

One parametrisation of the t-matrix for elastic scattering is the effective range expan-
sion, an expansion about threshold, given by,

1 1
k21 cot 6y = —+ irgkrz + O(kY), (5.2)
0

where the parameters ay and ry are known as the scattering length and the effective range.
The scattering-length parametrisation corresponds to setting r, = 0. Another form, com-
monly used to parametrise a narrow resonance, is the relativistic Breit-Wigner,

t(K)(S) _ 1 \/gFZ(S) (5‘3)

o) M3, — 5 — i/sT(5)

4Ref. [38] reviews recent progress in developing a quantisation condition for three-hadron systems.

— 14 —



— B2
where s = EZ,,

the width,
g k2€+1

Ly(s) = awy
R

N

ensures the correct threshold behaviour, and the parameters are the Breit-Wigner mass,
mp, and the coupling constant, gg.

A more general approach is to write the t-matrix in terms of a real symmetric K-matrix,

1

K7(s) (2k)"

t71(s) =

k)" +1(s), (5.4)
where for brevity we have dropped the partial-wave label ¢. Unitarity of the S-matrix is
guaranteed if Im[/(s)] = —p(s) above threshold and zero below. There is some remaining
freedom in choosing I and one of the simplest choices is I(s) = —ip(s). Another choice
is the Chew-Mandelstam prescription [49] that defines Re[I(s)] in terms of a dispersive
integral and has a better analytic structure and a smoother transition across threshold;
our implementation is described in ref. [36]. This is a particularly convenient class of
parametrisations for inelastic scattering, where K is a matrix, but can equally be used to
give a variety of forms for elastic scattering where K is a real function.

We parametrise K in terms of a pole and a polynomial,

1
-5

NW
+ >4, (5.5)
n=0

Ny 2
K(s) = ( > g<n>s">
n=0 m2

where g(”), 'y(”) and m are real parameters, or K ! in terms of a polynomial,

Ne
(K ()7 =D s, (5.6)
n=0

where ¢(™ are real parameters. When we use the Chew-Mandelstam prescription, we will
subtract at the K-matrix pole at s = m? when present or at threshold when there is no
K-matrix pole term.

We now determine scattering amplitudes on the m, = 239 and m, = 391 MeV ensem-
bles using the extracted finite-volume energy levels described above. Our discussion begins
with I = 0 DK scattering before moving on to the flavour-exotic I = 0 and 1 DK-channels.
In section 6 we then analytically continue these amplitudes into the complex energy plane
to find the location of pole singularities and interpret the results.

5.1 DK scattering in I =0

Starting with the m, = 239 MeV ensemble, we analyse the 22 energy levels shown in black
in figure 3 — these are below D*K threshold in the A] and A; irreps where the lowest
contribution is from ¢ = 0, and below Dgsmm threshold in other irreps where the lowest
contribution is from ¢ = 1. For now we neglect partial waves with ¢ > 2, but we return
to this point in section 5.1.2. A good fit to the spectra is obtained using a K-matrix
parametrisation with a pole in £ = 0 and a pole plus a constant term in ¢ = 1, with
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Chew-Mandelstam phase space,

mo = (0.38868 £ 0.00029 +9:0000y 1 [ 0,61 0.62 —0.17 —0.50]

gt = (0.629 £ 0.053 £ 0:009) . -1 1 0.40 —0.15 —0.48

my = (0.34432 + 0.00014 + 0.00002) - a; " 1 —0.40 —0.59

gt =2.94 40371003 1079 (5.7)
A = (119 £ 69 119) - a2 1

X%/Ngot = %_15 = 0.89,
where the subscript on the parameters labels the partial wave, £, the first uncertainty is
statistical, and the second is an envelope over the uncertainties from varying the D and
K meson masses and the anisotropy within their uncertainties.® The matrix on the right
gives the correlations between the parameters.

Similarly, on the m, = 391 MeV ensemble we analyse the 34 energy levels in irreps
where the lowest contribution is from ¢ = 0 or 1, the black points in the top two rows of
figure 4. A reasonable fit to the data is again obtained using a K-matrix parametrisation
with a pole in £ = 0 and a pole plus a constant term in ¢ = 1, with Chew-Mandelstam
phase space,

mo = (0.41981 + 0.00029 +9.99001) . =1 T3 .47 0.71 —0.35 —0.52]

gt = (0.536 £ 0.019 70022y . -1 1 0.33 —0.19 —0.14

my = (0.36564 + 0.00019 T 50007) - a; 1 —0.65 —0.71

¥ =072 4082100 1 087 (58)
A0 = (58 £2518). a2 1

X%/Naot = 52% = 1.56.

In figure 8 we show a comparison between the computed finite-volume energy levels and
the energy levels which follow from eq. (5.8) using the quantisation condition, eq. (5.1). This
demonstrates the good description of the data provided by the parametrisation, reflecting
the reasonable x2/Ngof of the fit. It also shows the good description of computed energy
levels below D,n threshold which were not used in the fit (grey points), with the exception
of those above DK threshold in the lower row which are expected to be J” = 1% (and/or
higher J) and so not described by S and P-wave DK amplitudes.

The amplitudes for m, = 239 MeV and m, = 391 MeV presented in egs. (5.7) and (5.8),
which we refer to as reference parametrisations, are shown in figure 9. The figure also shows
the good agreement between the computed finite-volume energy levels and the energy levels
from these parametrisations. It can be seen that, while there is a significant amplitude for
scattering in S wave, the P-wave amplitude is close to zero for physical scattering energies.
There is an energy level very far below threshold in irreps where the lowest contribution

5To be precise, we vary in turn each of mp, mx and & by 4o using the uncertainties given in
section 3. The second uncertainty quoted on each parameter z is +max; [(Z: + 0s,) — (To + 0z,)] and
—min; [(Z; — 0z;) — (To — 0x,)], where ¢ indexes the variations and 0 corresponds to using the mean values
for the meson masses and anisotropy.
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Figure 8. DK I = 0 finite-volume spectra on the m, = 391 MeV ensembles, as in the top two rows
of figure 4, with the addition of orange points which show the energy levels from the parametrisation
in eq. (5.8).

is from P-wave scattering with an energy that shows very little dependence on the volume
or irrep, suggestive of a J = 1~ bound state. Because this bound state is far below
threshold, it does not appear to influence the physical DK scattering region strongly.

A convenient alternative parametrisation for elastic scattering is the effective range
expansion, eq. (5.2). Using such a parametrisation in S-wave and a K-matrix with a
pole plus a constant term in P-wave (as in the reference parameterisations) gives a good
description of the finite-volume spectra for m, = 239 MeV,

ap = (—43.6 £2.0+0.5) - s (1077 061 018 054 |

ro = (—0.79+1.04 7 33) - a 1 041 —0.16 —0.49

my = (0.34432 £ 0.00014 + 0.00002) - a; * 1 —0.40 —0.59
g” = 2.94+0.34+9% 1 ome | 9
A0 = (119 £ 69119 - a2 _ 1

X%/Naot = 212%_) = 0.89.
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Figure 9. S and P-wave squared-amplitudes (upper) and scattering phase shifts (lower) for 7 =0
DK on the m, = 239 MeV (left) and m, = 391 MeV (right) ensembles. The darker inner bands
are the reference parametrisations given in egs. (5.7) and (5.8) with statistical uncertainties, while
the lighter outer bands reflect the uncertainty from varying the D and K meson masses and the
anisotropy as described in the text. The black points between the plots show the computed finite-
volume energy levels from section 4 used to constrain the amplitudes, grey points are finite-volume
energy levels which were not used, and orange points show the energy levels following from the
reference parametrisations.

The same parameterisation gives a reasonable description of the m, = 391 MeV spectra,

ap = (—24.01 £0.537948) . g, 1 —0.82 —0.64 0.33 0.42

ro = (—4.26 +0.62705%) - a; 1 035 —0.19 —0.15
my = (0.36564 + 0.00019 T 000037) - a; ! 1 —0.65 —0.71
d” = 0724£0821008 1 o087 | (510
WO = (58 +2578) . a2 1
X2/Naot = 225 = 1.57.

5.1.1 Varying the parametrisations

The parametrisations used in eq. (5.1) were varied to investigate how much dependence
there is on the exact form chosen. The K-matrix type, in particular, can be used with
a wide variety of different functional forms — we considered higher order polynomials,
forms with and without explicit poles, and forms with and without Chew-Mandelstam
phase-space. The amplitudes used and associated x?’s are summarised in table 4 — those
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Figure 10. As in the upper plots in figure 9, but the lighter outer bands now also include an
envelope over the acceptable parameterisations in table 4 including their statistical uncertainties.
The black points at the bottom show the computed finite-volume energy levels from section 4 used
to constrain the amplitudes.

parametrisations with a x?/Nget in italics are not considered an acceptable description
of the data for the reason given in the table. We reject parametrisations which have a
x%/Ngot > 1.6, an additional level near the top of the fitted region which is not supported
by the lattice QCD spectra, poles on the physical sheet located away from the real axis, or
an additional finite-volume energy level below threshold. The scattering amplitudes from
acceptable parametrisations are shown in figure 10. It can be seen that there is relatively
little dependence on the particular form used in the energy region where we are constraining
the amplitudes, but, as might be expected, there is more variation where we do not have
constraints.

In figure 11 we present the S-wave scattering amplitudes as a.k cot dy—q for the reference
amplitudes, the effective range parameterisations described above and a K-matrix pole plus
constant form (parametrisations (aa), (x) and (a) in table 4). This again shows that the
amplitudes are relatively insensitive to the parametrisation chosen, though there is slightly
more freedom in the shape of the amplitude for m,; = 391 MeV around threshold, between
the two clusters of constraints. Also plotted is —|k| for k2 < 0 — the intersection of
this curve with a:k cot d,—¢ indicates the presence of a pole singularity in the scattering
amplitude below DK threshold on the real axis of the physical sheet. We examine the pole
singularities of the amplitudes in more detail and discuss their interpretation in section 6,
but first we investigate a couple of partial waves which we have so far neglected.

5.1.2 D-wave scattering

Considering irreps where the lowest contribution is from ¢ = 2, on the ensemble with
the lightest pion mass (m,; = 239 MeV) there are no levels in the energy range where
we can rigorously extract energies. For example, the lowest energy in the [000]E™ irrep
is above Dgmm threshold as shown in figure 3. Nevertheless, the fact that this level is
consistent with the non-interacting energy suggests that there is no significant D-wave
DK interaction below Dgn threshold. Neglecting potential coupling to inelastic channels,
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Parametrisation Néf:so) Néﬁ;l) my =239 MeV  m, = 391 MeV
X?/Naot X?/Not
22 levels 34 levels
K-matrix with Chew-Mandelstam I(s), K; = m?f_s + 7,
(an) K = —4— 2 3 0.89 1.56
(@) K= +4© 3 3 0.81 111
(b) K=—%—+Us 3 3 0.83 1.17
(c) K =% 3 3 0.81° 1.08*
(A K'=co+cid 2 3 0.89 1.56
() K=(1+d8)/(co+c15) 3 3 0.81 1.11
K-matrix with I(s) = —ip(s) & K1 = m{f_s +7
() K= -4 2 3 0.95 1.58
@) K=—%—+~© 3 3 0.91 1.961
h) K=_4—+,Ws 3 3 0.891 1451
(i) K =ugte? 3 3 0.881 1.521
G) K l=co+cid 3 3 0.94 1.58
(k) K= (1+dyd)/(co+c18) 3 3 0.90% 1.86 1
K-matrix with Chew-Mandelstam I(s) & K; = m%l—s
1) K=_% 2 2 0.93 2.03°
(m) =4 +40 3 2 0.84 1.091
) K=_-4—+,Ws 3 2 0.85 1.52
(0) K =teVs)? 3 2 0.83+ 1.06%
(p) K l=co+cid 3 2 0.93 2.08°
(@) K= (1+dyd)/(co+c18) 3 2 0.83 1.09°1
Effective range expansion in £ =0 & ¢ = 1, k2t cot §, =
) = & 1 1 3.37° 3.72°
(5) & +3rok?, o 2 1 2.36° 1.93°
(t) & o+ gnk? 1 2 1.50 3.69°
(u) i + 3rok?, ;11 + rik? 2 2 1.33 1.68°
(V) oo ok + Rk, L4 g k? 3 2 0.92* 1.18%
(w) =+ 4rok? L+ mik® + Pkt 2 3 1.40 1.61°
Effective range expansion in { =0 & K; = m‘%?_s + 71 with Chew-Mandelstam I(s)
(x) kcotdo =L+ Frk? 2 3 0.89 1.57
(y) kcotdo = =+ 5rk* + Pok? 3 3 0.81 1.13%
Breit-Wigner in each partial waves
() t= s 2 2 1.28 2.09°

o — rejected due to high x?/Ngot > 1.6

1 — rejected due to an additional level near top of the fit region that is not supported by the data

1 — rejected due to physical-sheet complex poles or additional finite-volume level below threshold

Table 4. A selection of the S and P-wave parametrisations used for elastic I = 0 DK scattering.
Nég)rs indicates the number of free parameters for partial wave £. The y? /Naof in bold indicate the
reference and effective range fits described in the text. Parametrisations with x? /Naot in italics are

not considered an acceptable description of the data for the reason given in the table.
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Figure 11. DK I = 0 S-wave scattering amplitudes, plotted as ak cot §y—p, using the reference
(aa), effective range (x) and pole plus constant K-matrix (a) parametrisations for m, = 239 MeV
(left) and m, = 391 MeV (right). Black points are determined from energy levels in the [000] A}
irrep assuming ¢ > 4 amplitudes are negligible. Blue-green points are from the non-zero momentum
Ay irreps with amplitudes for higher partial waves fixed to zero.

that level corresponds to a scattering phase shift, do = 0.51(33)°. The results of ref. [33]
suggest that the lightest 27 tensor resonance is at a;E ~ 0.43, above the energy region we
are considering.

The corresponding spectra for m; = 391 MeV are shown in the bottom row of fig-
ure 4. Although there are no energy levels below the Dgn and D* K thresholds, there are
a number which are well below the lowest non-interacting energies associated with these
inelastic channels. The ‘extra’ level below the first non-interacting DK energy, roughly
consistent across volumes and irreps, is suggestive of a reasonably narrow resonance. A
good description of the 10 levels shown in black in the bottom row of figure 4 is obtained
using a relativistic Breit-Wigner parametrisation, eq. (5.3),

mp = (0.45578 £0.00052) - a; ' |1 0.35
gr = 21.9+24139 1 (5.11)

X*/Naot = 5t = 1.14,

where, as usual, the first uncertainty is statistical and the second uncertainty on gpr is
from varying the D and K meson masses and the anisotropy (the uncertainty on mpg from
varying these is negligible). In figure 12 we show a comparison between the computed
finite-volume energy levels and the energy levels which follow from this parametrisation. It
can be seen that there is good agreement between the two sets of energy levels, reflecting
the reasonable y2/Ngot of the fit. Figure 13 presents the amplitude following from this
parametrisation. The phase shift is observed to rise steeply from near 0° towards 180°,
indicative of a narrow elastic resonance, and we examine the pole singularity in section 6.

These results show that the D-wave amplitude is small in the energy region where we
determined S and P-wave amplitudes, justifying our neglect of £ > 2 there.

5.1.3 Positive-parity J = 1 partial waves

Because of the reduced symmetry of the finite-volume lattice, J© = 11 can appear in
[100] E2, [110]B1 2 and [111]E; irreps as well as 17, with the lowest 11 two-meson channel
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Figure 12. DK I = 0 finite-volume spectra on the m, = 391 MeV ensembles, as in the bottom row
of figure 4 where black points indicate the computed finite-volume energy levels, with the addition
of orange points which show the energy levels from the parametrisation in eq. (5.11).
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Figure 13. D-wave scattering phase shift for I = 0 DK on the m, = 391 MeV ensembles using the
parametrisation in eq. (5.11). The darker inner band indicates the statistical uncertainties, while
the lighter outer band reflects the uncertainty from varying the D and K meson masses and the
anisotropy as described in the text.

being D*K. On the m,; = 239 MeV ensemble, the results of ref. [33] suggest that two
17 axial-vector resonances should be expected at a;F ~ 0.41 — 0.42. We included a few
D* K-like operators in the operator bases for these irreps, as shown in table 6. The finite-
volume spectra in figure 3 have several levels in the vicinity of D*K threshold which have
significant overlap with both D*K and fermion-bilinear operators, where the latter are
subduced from 17. One of these appears to be an ‘extra’ level at a; E ~ 0.41, below D*K
threshold, with the possibility of another a bit higher in energy.
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Considering the first excited levels in [100] B2 and [110] B2 which have dominant overlap
with D*K operators and fermion-bilinear operators subduced from J¥ = 1, we can make
a rough estimate of the J = 1% amplitude.5 The [100]E; level is found at a;Eem =
0.4087(4) corresponding to atkcotd = —0.0233(14), and the [110]B;y level is found at
arEcm = 0.4088(5) corresponding to aikcotd = —0.0242(14). These values imply large
negative scattering lengths (a;+ ~ —40a;), usually indicative of a near-threshold pole.
Introducing a D*K JP = 11 amplitude with such a scattering length has negligible impact
on the extraction of the DK 1~ amplitude and thus on our determination of the DK
0T amplitude.

A similar pattern is observed on the ensembles with m,; = 391 MeV when comparing
with spectra obtained using only fermion-bilinear operators [50]. From this and the ex-
pected masses of the lightest axial-vector resonances, we expect the D*K 17 amplitude
to again have a negligible impact on our extraction of the DK 1~ and 0" amplitudes.
However, no D*K operators were used here and so we cannot estimate the size of this
D*K 17 amplitude.

5.2 DK scattering in I =0

Compared to the DK scattering amplitudes discussed above, the spectra in figures 5, 6
and 7 suggest that the interactions in the exotic-flavour DK channels are relatively weak,
with a slight attraction and repulsion in, respectively, I = 0 and I = 1. When meson-
meson interactions are weak, as they are in these channels, we find that the correlations
between different finite-volume energy levels on the same volume can be considerable.
To assess a possible impact from imprecisely estimating these correlations, we perform
some “covariance-adjusted” fits where the eigenvalues, A, of the data correlation matrix for
which A < rApax are replaced by rAnax, where Anax is the largest eigenvalue; our default
fit corresponds to r = 0.

To start our analysis of isospin-0 DK on the m, = 239 MeV ensemble, we consider
only the lowest 6 energy levels near threshold from irreps where the leading contribution
is S-wave scattering.” Fitting to an S-wave scattering length gives ag/a; = 4.9 + 3.8 with
x%/Ngot = 5.0/5 = 1.0.

Expanding the energy range, we fit the 18 levels which are well below the lowest D*K
non-interacting energy; these are the black points in figure 5. A good description of the
data is obtained with an effective range parametrisation in S-wave, and a scattering length

in P-wave and D-wave,

ap/a; = 9.4+1.870% 1 0.92 0.59 0.45

rofa; = 32411714 1 0.30 0.24

air/a} = —75+ 90 + 42 1 0.73 (5.12)
az/a} = —15200 & 8100 + 5500 1

X*/Naot = 13- = 081,

®Similar levels also occur in [110]B; and [111]E> but there DK levels also occur nearby.
"One from each of [000] AT, [100] A1, [110]A; and [111]A;, and two from [200]A;.
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Figure 14. S, P and D-wave scattering phase shifts for DK in I = 0 (upper) and I = 1 (lower)
on the m, = 239 MeV (left) and m, = 391 MeV (right) ensembles. The darker inner bands
are the reference parametrisations given in egs. (5.12), (5.13), (5.14) and (5.15) with statistical
uncertainties, while the lighter outer bands give an envelope over the uncertainties from varying
the D and K meson masses and the anisotropy within their uncertainties, as well as a covariance-
adjusted fit as described in the text with its statistical uncertainty. The black points in the middle
show the computed finite-volume energy levels from section 4 used to constrain the amplitudes,
while the orange points show the energy levels following from the reference parametrisations.

where, as usual, the first uncertainty is statistical. The second uncertainty is an envelope
over the uncertainties from varying the D and K meson masses and the anisotropy, as well
as the uncertainty from a covariance-adjusted fit with » = 0.002. Details of covariance-
adjusted fits with » = 0.001, 0.002, 0.005 and 0.01 are given in table 11 in appendix C —
these show that the central values of the fit parameters do not change significantly as r is
increased, while the uncertainties increase slightly. For comparison, that table also shows
a fit where correlations between energy levels have been ignored.

The phase shifts resulting from this parametrisation are presented in figure 14 (top
left plot). The figure also shows the good agreement between the computed finite-volume
energy levels and the energy levels which follow from this parametrisation, reflecting the
reasonable Y2 /Ngot of the fit.

On the m,; = 391 MeV ensembles, fitting only the lowest energy level in each irrep
where the leading contribution is from S-wave scattering (8 levels in total) to an S-wave
scattering length gives ag/a; = 16.5 & 3.1 with x?/Ngot = 8.9/7 = 1.3.
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Opening up the energy range, we fit the 29 levels shown as black points in figure 6.
A good description is obtained with an effective range parametrisation in S-wave, and a
scattering length in P-wave and D-wave,

ap/ay = 158422713 1041 0.73 0.75

ro/a; = 36.5+ 1.8 772 1 —0.11 —0.10

ar/aj =128 2674 1 098 (5.13)
az/ad = 4500 & 1300 F899, 1

X%/Naot = 2199—51 = 0.77.

The phase shifts resulting from this parametrisation are shown in figure 14 (top right plot),
along with a comparison between the computed energy levels and those which follow from
the parametrisation. Covariance-adjusted fits are presented in table 12 in appendix C and,
again, show that the results are insensitive to the value of r.

To avoid the results being biased by a particular choice, we varied the S-wave
parametrisation, making use of higher orders in the effective range expansion and using
various K-matrix amplitudes with simple or Chew-Mandelstam phase-space. For the P
and D-wave amplitudes we use either a scattering length or a constant K-matrix. Re-
sults are summarised in table 5 — those parametrisations with a x? /Ngof in italics are
not considered an acceptable description of the data for the reason given in the table. The
scattering amplitudes from acceptable parametrisations are shown in figure 15 where it can
be seen that there is relatively little difference between the form of the amplitudes in the
energy region where we are constraining the parametrisations.

As an alternative presentation of the S-wave scattering amplitudes, figure 16 shows
atk cot 0y—g in the region around DK threshold. Also shown is |k| for k2 < 0 — the
intersection of this curve with a:k cot d,—¢ indicates the presence of a pole singularity below
threshold on the real axis of the unphysical sheet, and we examine this in section 6.

5.3 DK scattering in I =1

Moving to isospin-1 DK on the m, = 239 MeV ensemble, fitting only the 6 lowest en-
ergy levels from irreps where the leading contribution is S-wave scattering to an S-wave
scattering length gives ag/a; = a = —4.4 £+ 2.1 with x2/Ngo = 8.0/5 = 1.6. Expanding
the energy range, we fit the 18 energy levels which are shown as black points in figure 5.
A good description of the data is obtained with a scattering length parametrisation in

S-wave, P-wave and D-wave,

ag/a; = —4.58 £0.23 713 10.81 0.68
a1/a} = —218 + 6833 1 073 5.11)
az/a? = —19000 = 8500 F8790 1 ‘

X%/Naot = 125 = 1.05.

The phase shifts resulting from this parametrisation are given in figure 14 (bottom left
plot), along with a comparison between the computed energy levels and those which follow
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Figure 15. As figure 14, but the lighter outer bands now also include an envelope over the
acceptable parameterisations in table 5 including their statistical uncertainties. The black points
in the middle show the computed finite-volume energy levels from section 4 used to constrain the
amplitudes.

my = 239 MeV arkcot 5;::3 my = 391 MeV
05T 05F I/ -matri
. cotd = 1/a+ %7'&'“’
04 041
03 03
02
Mo
I I I | I | |/7 L I & I I L (atk)Q
-0.006  -0.004 -0.002 L0002 0.004 -0.0 =0:004 -0.002 0.002 0.004 0.006
-0.1 -0.1

Figure 16. S-wave scattering amplitudes, plotted as askcotdp—g, for DK in I = 0 on the
m, = 239 MeV (left) and m, = 391 MeV (right) ensembles. The bands show K-matrix parameter-
isation (e) in table 5 and the reference effective range parameterisation, egs. (5.12) and (5.13), with
their statistical uncertainties. Black points are determined from energy levels in the [000]A] irrep
assuming ¢ > 4 amplitudes are negligible. Blue-green points are from the non-zero momentum A,
irreps allowing for the £ = 1 amplitude which has been fixed from other irreps. Some points on the
left plot with very large uncertainties have been removed.
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m, = 239 MeV my = 391 MeV

I . X?/Naot  X*/Naot  x*/Naot x?/Naot

Parametrisation details

I=0 I=1 I1=0 =1
P-wave and D-wave scattering lengths,
S-wave effective range expansion:
(a) 2 1.11 1.05 3.00° 1.74°
(b) L4 3rk? 0.81 1.12 0.77 1.04
(c) L+ irk?+ Pkt 0.86%  1.05%  0.75% 0.88

K-matrix with Chew-Mandelstam I(s),
P-wave and D-wave with a constant K, S-wave with:

(d) K=~O 0.94 1.05 2.48° 1.60°
(e) K=~ 4+Ws 0.81 1.11 1.16 0.99
() K=+ 4yWs4 22 0.86% 1.03% 0.88% 0.89
(g) K '=cO 4 Mg 0.82 1.12 0.78 1.04

K-matrix with simple phase space I(s) = —ip(s),
P-wave and D-wave with a constant K, S-wave with:

(h) K =~© 1.03 1.06 2.72° 1.30
(i) K=+ 44Ms 0.80 1.11 1.28 1.02
G) K=~ +4Ms4 422 0.861 1.02% 0.94% 0.89
k) K '=c0 4 Mg 0.82 1.12 0.79 1.04

o — rejected due to high x?/Naot > 1.5
T — rejected due to high parameter correlations with parameter(s) consistent with zero
I — rejected due to physical-sheet complex poles or additional finite-volume level below threshold

Table 5. A selection of the parametrisations used for elastic DK scattering with I = 0 and 1. The
X2/Ngot in bold indicate the reference fits which are described in the text. Parametrisations with
X2 /Naot shown in italics are not considered an acceptable description of the data for the reason
given in the table.

from the parametrisation. Covariance-adjusted fits are presented in table 13 in appendix C
and show that, again, the central values do not change significantly when r is increased,
whereas uncertainties increase slightly.

On the m,; = 391 MeV ensembles, if only the lowest energy level in each irrep where
the leading contribution is from S-wave scattering (8 levels in total) is fitted to an S-wave
scattering length, we obtain, ag/a; = —2.9 £ 1.0 with x?/Ngof = 6.1/7 = 0.87. Using the
full energy range, we fit the 28 energy levels shown as black points in figure 7. A good
description is obtained with an effective range parametrisation in S-wave, and a scattering
length in P-wave and D-wave,

ap/a; = —4.43+£0.307012 | 10.80 0.63 0.61

ro/a; = —16.0+3.275¢ 1 0.18 0.15
ar/a} = —47+1472 1 0.95 (5.15)
az/a? = —2800 + 680 T390, 1

X2/Ndof = 72285;04 =1.04.
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Figure 14 (bottom right plot) shows the phase shifts resulting from this parametrisation
along with a comparison between the computed energy levels and those which follow from
the parametrisation. Covariance-adjusted fits are presented in table 14 in appendix C
and, again, results show little dependence on r with uncertainties increasing slightly as r
is increased.

In a similar way to I = 0, we varied the S-wave parametrisation, using a scattering
length or constant K-matrix for the P and D-wave amplitudes. The results are summarised
in table 5 and the acceptable scattering amplitudes are shown in figure 15. It can be seen
that there is relatively little variation between the amplitudes from different parametrisa-
tions in the energy region where we have data constraining them. In the following section
we examine the pole singularities in the DK and DK amplitudes, interpret the results and
compare with previous work in the literature.

6 Poles, interpretation and comparisons

Once the scattering t-matrix has been determined, by analytically continuing into the

complex s = EZ2

plane, the location of pole singularities can be found and hence the
bound-state and resonance content determined. For elastic scattering there is a branch
point at threshold, with the usual approach taking a branch cut from threshold along the
positive real axis, leading to two Riemann sheets labelled by the sign of the imaginary part
of the momentum k. Bound states appear as poles lying on the real axis below threshold
on the physical sheet (Im[k] > 0). Poles that correspond to a resonance occur in complex-
conjugate pairs on the unphysical sheet where Im[k] < 0. In the proximity of a pole, the

elastic t-matrix has the form,

02

to ——— (6.1)

b
Spole — S

where ¢ gives the coupling of the pole to the scattering channel.

6.1 S and P-wave I = 0 DK

Analytically continuing the S and P-wave isospin-0 DK amplitudes, we find that, for both
values of m, all the acceptable parametrisations have a pole on the real axis of the physical
sheet below DK threshold in the S-wave scattering amplitude, corresponding to a bound
state. In P-wave there is a pole on the real axis of the physical sheet very far below
threshold, corresponding to a deeply bound state. There are no other poles in the region
where we are constraining the amplitudes.

The location of the S-wave pole and its coupling ¢, defined in eq. (6.1), are presented in
figure 17. The pole position is very insensitive to the choice of parametrisations, while the
coupling for m, = 391 MeV is slightly more sensitive, reflecting the smaller constraint on
the amplitude around threshold as seen in figure 11. As our final results for the pole position
and coupling, we quote an envelope that spans the values from different parametrisations,
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Figure 17. Upper: the location of the pole singularity on the real axis of the physical sheet in
the I = 0 DK S-wave scattering amplitudes, for all the acceptable parametrisations in table 4, on
the m, = 239 MeV (left) and m, = 391 MeV (right) ensembles. The error bars give the statistical
uncertainty, and the outer error bars on the reference amplitudes include also the uncertainty from
varying the D and K meson masses and the anisotropy as described in the text. The red band
shows the location of DK threshold. Lower: the corresponding coupling, |c|.
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including their statistical uncertainties,®

my = 239 MeV m, = 391 MeV

a\/Spole = 0.3886(5) 0.4200(5)
agle| = 0.234(9) 0.305(20)
VSpole = 2362(3) MeV 2380(3) MeV

lc| = 1420(50) MeV 1730(110) MeV.

This scalar bound state (J = 0") has a large coupling to DK and, at both m,, its influ-
ence is strongly felt above threshold as seen in figure 10. The binding energy decreases with
decreasing light-quark mass: AE = mp + mg — /Spole = 57(3) MeV for m, = 391 MeV
and AFE = 25(3) MeV for m; = 239 MeV. It appears to correspond to the experimen-
tally observed D},(2317) which appears below DK threshold with AE ~ 45 MeV [51] —
this is somewhat larger than our value on the ensemble with light-quark mass closest to
the physical value. We note that there are unquantified systematic uncertainties in these
calculations, such as discretisation effects [32, 33, 50|, which may contribute to this dif-
ference. In addition, experimentally the D?;(2317) is unstable and decays through the
isospin-breaking Dsm channel, whereas isospin symmetry is exact in our calculation.

We observe that the finite-volume eigenstates in the region of DK threshold overlap
significantly with both ¢s and D K-like operators; both structures appear to be essential in
extracting the spectrum. While we do not use explicit compact-tetraquark operators in this
calculation, extended four-quark components are present through the meson-meson oper-
ators. Given the proximity to threshold, one may question whether this state is composed
primarily of a short-distance ¢s component or whether a longer-distance DK component is
dominant. One method to assess this from the scattering amplitude itself is the Weinberg
compositeness condition [52], valid for weakly-bound states when the scattering hadrons
interact in a relative S-wave. Assuming that the binding is weak enough so that corrections
can be ignored,

1-z 1 Z |
2 —
95 Z BuAE T T 1-Z \RuAE’

where 0 < Z < 1, with Z ~ 0 indicating that a composite or molecular component

apg = — (6.2)

dominates and Z = 1 indicating an elementary configuration, p is the DK reduced mass,
AF is the binding energy, and ag and r( use the same conventions as in eq. (5.2). Combining
the two expressions to give Z in terms of ag and rg,

[ a
Z=1- . .
a—+ 2r (63)

For m, = 239 MeV, rg is consistent with zero and supposing that the bound state is

purely composite, Z = 0, gives ag/a; =~ —41 to —46, consistent with eq. (5.9). Alternatively,
using the results in eq. (5.9) and inverting the expressions for ag and rg in eq. (6.2) gives

8To be precise, if A = max;(Z; + 0z, ) and B = min;(Z; — 04, ), where 7 indexes the parametrisations, as
the central value and uncertainty we quote (A + B)/2 and (A — B)/2 respectively.
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Z < 0.11 and Z < 0.04 respectively, whereas eq. (6.3) gives Z < 0.04. Performing the
same analysis for m, = 391 MeV, assuming Z = 0 (even though 7 is not consistent with
zero) gives ap/a; ~ —25 to —26, roughly consistent with eq. (5.10). Instead using the
results for ap and rp in eq. (5.10) gives Z ~ 0.13(6) and Z ~ 0.14(3) respectively, whereas
using eq. (6.3) gives Z ~ 0.14(3).? This analysis suggests that a molecular DK component
dominates for both m..

Elastic S-wave DK scattering has been studied by several other groups [12-15] with
a range of light-quark masses and lattice methodologies (see also re-analyses of lattice re-
sults in [53, 54]), and an earlier calculation [11] computed the scattering length indirectly
by using a chiral unitary approach to relate it to channels where there are no annihila-
tion contributions. Broadly speaking, these calculation all find a bound-state pole and
are consistent with a dominant DK configuration. However, it is not straightforward
to compare them because some have only dynamical light quarks with quenched strange
quarks (Ny = 2) rather than dynamical light and strange quarks (Ny = 2 + 1), they use
light-quark masses corresponding to different m,, and some use very small volumes where
corrections to the Liischer quantisation condition may be significant. Ref. [15] is the most
directly comparable to our work with Ny = 2 + 1, a reasonable volume (m L ~ 4.4) and
my; = 296 MeV. They find a pole ~ 51 MeV below DK threshold, consistent with our
result for m, = 391 MeV, but somewhat larger than that for m, = 239 MeV.

For the P-wave deeply bound state, using a similar procedure we find a pole at,

my = 239 MeV  m,; = 391 MeV
at/Spole = 0.34432(22) 0.36579(43)
/3pole = 2093(1) MeV 2073(2) MeV

This vector bound state (J¥ = 17) corresponds to the D} and does not appear to signifi-
cantly influence DK scattering in the physical scattering region. Its mass is consistent with
the results obtained using only gg operators, see section 3 and refs. [32, 33], as expected
for a state so far below threshold.

6.2 D-wave I =0 DK

The D-wave isospin-0 DK amplitude on the m, = 391 MeV ensemble, eq. (5.11), has a
complex-conjugate pair of pole singularities on the unphysical sheet. They have,

a1\/Spore = (0.4558 = 0.0005) + %(0.0006 +0.0003)
arl¢| = 0.033 £ 5:00

argle] = =+ (0.0098 * §.604) =

ool = (2583 £3) & %(3.4 LT\ MeV

lc| =190 T30 MeV .

9None of the rough estimates for Z given here take into account correlations between ag, ro and AE.
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Any analogous pole on the m,; = 239 MeV ensemble would be expected to be above the
energy region where we can constrain the scattering amplitudes — there appears to be an
extra level in the relevant irreps, suggesting a reasonably narrow resonance.
This tensor resonance (JP = 2%) corresponds to the experimentally-observed
%5(2573). We find that its Breit-Wigner coupling, gg, is similar to the D3 resonance
found in D7 scattering at the same pion mass in ref. [8].

6.3 I=0,1 DK

In I = 0 DK scattering the P and D-wave amplitudes are very small, but a sharper rise
in the S-wave phase shift indicates that a virtual bound-state pole may be present, a pole
on the real axis below threshold on the unphysical sheet, corresponding to an attractive
interaction but one that is not strong enough to form a bound state. The S-wave [ = 1
channel appears to be weakly repulsive with P and D-wave I = 1 amplitudes roughly
consistent with zero.

Analytically continuing the scattering amplitudes into the complex s = EZ_ plane, we
find that, for both m,, most of the acceptable parametrisations do have a virtual bound-
state pole below DK threshold in the S-wave I = 0 scattering amplitude. There are no
other poles in I = 0 or I = 1 DK in the region where the amplitudes are well-constrained.

The location and coupling ¢, defined in eq. (6.1), of this exotic-flavour J¥ = 0% pole are
presented in figure 18. The location is roughly consistent across parametrisations within
statistical uncertainties, but there is somewhat more variation in the coupling. However,
no pole is found for m, = 239 MeV on parametrisations (a), (d) and (h) which give a
reasonable description of the finite-volume energy levels. We can therefore only say that
there is a suggestion of a pole in the I = 0 DK amplitudes, not that a pole is absolutely
required. As our results for the position and coupling of this suggested pole, we quote
an envelope that spans the values from different parametrisations where a pole is found,
including their statistical uncertainties,

my = 239 MeV  m, = 391 MeV

ar\/5pere = 0.357(23) 0.407(16)
atlc| = 0.26(7) 0.26(7).

VSpole = 2170(140) MeV  2310(90) MeV
|c] = 1600(400) MeV  1500(400) MeV.

In some of the parameterisations used, a physical-sheet pole appears in the I = 0 DK
amplitudes at an energy much lower than the unphysical-sheet pole, well below where they
are constrained by the finite-volume energy levels. The presence of this pole can be inferred
from figure 16 where an intersection of the effective range curve, 1/a + 2rk?, and —|k| is
inevitable at large negative k?. Investigating further, we find that the residue of this pole
has the “wrong” sign (see e.g. [55-57]) and so signals that the amplitude is unphysical in
this energy region — it has been extrapolated too far in energy from where it is being
constrained. The K-matrix amplitude shown in figure 16 does not suffer this problem.
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Figure 18. Upper: the location of the pole singularity on the real axis of the unphysical sheet
in the I = 0 DK S-wave scattering amplitudes, for acceptable parametrisations in table 5, on the
my = 239 MeV (left) and m, = 391 MeV (right) ensembles. The error bars give the statistical
uncertainty, and the outer error bars on the reference amplitudes include also the uncertainty
from varying the D and K meson masses and the anisotropy, as well as a covariance-adjusted fit as
described in the text. The red band shows the location of DK threshold. Lower: the corresponding
coupling, |c|.
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In ref. [11], S-wave DK I = 0,1 scattering lengths were computed for a range of
my using a partially-quenched lattice formulation. They found attraction in I = 0 and
repulsion in I = 1, consistent with our results, but there was no suggestion of a virtual
bound state in I = 0. Our scattering-length parametrisation of S-wave I = 0 scattering
similarly does not lead to a virtual bound state in the region where we are constraining
the amplitudes — we find that a form with at least two parameters is required to give a
virtual bound state in this energy region.

Ref. [58] found agreement between a unitarized chiral perturbation theory analysis of
Dr, Dn, DK scattering and the lattice results in ref. [8], and from this predicted the
presence of a virtual bound state in S-wave DK I = 0. Ref. [59] goes further and, amongst
other things, discusses how this state should appear at the SU(3) flavour symmetric point
for various quark masses.

If the charm and strange quark masses were increased, this exotic-flavour I = 0 DK
JP = 0% channel would resemble an I = 0 bbud system often considered as a possible
tetraquark candidate. The related JP = 17 I = 0 bbud systems have been observed to
contain a bound state in lattice calculations [60-63], but there was no evidence seen for
a bound state in J© = 17 I = 0 ccud in ref. [24]. Future investigations mapping out the
mass, spin, and flavour dependence of these exotic systems will be particularly interesting.

6.4 DK, DK and D= scattering and SU(3) flavour symmetry

In the limit of SU(3) flavour symmetry, where the up, down and strange quarks have
the same mass, various channels in DK, DK, D, etc scattering are related. In the
calculations presented here, the up and down quarks are degenerate and, particularly for
the m,; = 391 MeV ensembles, are not so much lighter than the strange quark. SU(3)
may therefore not be too badly broken and provide a useful framework for interpreting the
results.

The combination of a D4 meson (SU(3) 3) and a light meson (8 or 1) gives,
38 -336®15, 31-3.
Using ref. [64], the various scattering channels decompose into SU(3) multiplets as,

(I =0) DK-Dsn: 315 (I =1%) Dn-Dn-D,K: 366 ® 15

(I =1) DK-Dsm: 6 15 (I =0) DK: 6

(I=3)D;K,(I=1)DK,(I=3)Dr: 15

We found S-wave DK (I = 1) to be weakly repulsive with no poles in the energy region
considered. This is very similar to the results for D7 (I = 3/2) presented in ref. [§],
consistent with them being identical in the SU(3) limit. We conclude that, in this energy
region, S-wave 15 exhibits weak repulsion and there are no poles in the scattering ampli-
tude. From our results for DK (I = 0), we conclude that the S-wave 3 contains a bound
state for the light-quark masses used here. From DK (I = 0), the S-wave 6 shows weak
attraction and may contain a virtual bound state.
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We would expect D (I = 1/2) to show behaviour which is a superposition of DK
(I = 0) and DK (I = 0), and so it could contain two poles. In ref. [8], with m, =
391 MeV we found only one robustly-determined pole in S-wave D (I = 1/2) in the
energy region considered, a bound state consistent in mass with the D7 threshold, but we
did not exclude the possibility of another pole. This picture appears to have some similarity
with refs. [54, 58, 59] which suggest a “two-pole” structure in I = 1/2 D, Dy, DK, a
bound-state pole and a resonance (complex-conjugate pair of poles) at m, = 391 MeV
which evolve to two resonances for physical quark masses.!’ Those references also discuss
how states evolve as the quark masses are varied and related scattering channels; see ref. [65]
for a more general discussion of two-pole structures. The effect of SU(3) flavour symmetry
breaking is apparent here: because mg > my, the bound state in DK is more bound than
in D7. For physical light-quark masses we would expect even less binding in D, consistent
with experiment where the D{(2400) is a resonance rather than a bound state.

The P and D-wave channels appear to be weakly interacting in the energy region we
are considering, with the exception of the 3 which contains a deeply bound state in P-wave
and a narrow resonance in D-wave.

7 Summary and outlook

Scattering amplitudes for I =0 DK and I = 0,1 DK have been determined using lattice
QCD with light-quark masses corresponding to m, = 239 MeV and m, = 391 MeV. As de-
scribed, the techniques we use enable us to reliably extract a large number of finite-volume
energy levels and hence to map out precisely the energy dependence of the amplitudes
in the elastic scattering region. Analytically continuing these amplitudes in the complex
plane reveals the presence of a bound state in S-wave I = 0 DK and, for the first time in a
lattice calculation, evidence for a virtual bound state in S-wave I = 0 DK. We summarise
the S-wave poles found in this work in figure 19.

The J” = 07 DK bound state, corresponding to the D7,(2317), is found close to DK
threshold: 57(3) MeV below threshold for the larger m;, reducing to 25(3) MeV for the
smaller m, . It has a large coupling to the DK channel and, as seen in figure 10, it leaves a
clear signature on the elastic DK scattering amplitude which rises sharply from threshold
for both m,. In I = 0 DK we also find a deeply bound vector in P-wave, corresponding
to the D, and in addition there is some evidence for 2% (see figure 13) and 1" resonances
at higher energies.

The exotic I = 0 DK amplitudes are mapped out for the first time in a lattice calcu-
lation and we find that these interactions are smaller in magnitude than in DK with only
the S-wave determined to be significant, as shown in figure 15. As described above, we see
hints of a 0T I = 0 virtual bound state pole below DK threshold — this is present in all
the acceptable m,; = 391 MeV amplitudes and the majority of those at m, = 239 MeV.
The lighter pion mass produces an amplitude with larger uncertainties and more energies

1080 that the number of poles remains constant when the light-quark masses are varied, the bound-state
pole at unphysical quark masses should come with a virtual pole. DK (I = 0) should contain a virtual pole
in addition to the bound-state pole and DK (I = 0) should have two virtual poles.
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Figure 19. A summary of the S-wave poles found in this work. The top panel shows the bound-
state poles found on the physical sheet in the I = 0 DK scattering amplitudes with the experimental
D?,(2317) and threshold from ref. [51]. The lower panel shows the virtual bound-state poles found
on the unphysical sheet in the exotic I = 0 DK scattering amplitudes; note that not all the
amplitudes for m, = 239 MeV produced such a pole.

might constrain this better to produce a completely unambiguous result. The I = 1 DK
amplitudes are found to be weakly repulsive. It is interesting to note that lattice calcula-
tions have found signs of a bound state in similar 1+ I = 0 exotic-flavour channels when
the valence ¢, s-quarks are replaced by b-quarks [60-63]. Further calculations at a range
of quark masses and in various flavour and spin channels would help map out the QCD
dynamics at work in these systems.

The work described here opens the way to many possible avenues of exploration. For
example, D*K amplitudes can be computed in an analogous way and a study of these
would be particularly interesting since two Dy states are expected near D* K threshold —
experimentally one is observed just below threshold and one just above threshold. More
broadly, lattice calculations offer the possibility to map out the quark-mass dependence of
the scattering amplitudes, yielding insight into the dynamics of QCD.
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A Operator lists

In tables 6, 7, 8 and 9 we list the interpolating operators used to determine the finite-
volume energy levels in the DK isospin-0 channel shown in figures 3 and 4, and the DK
isospin-0 and 1 channels shown in figures 5, 6 and 7.

[000] AT [001]A; [011]A4; [111] A4, [002] A,

Dioooj Ko00] | Dioo1jKiooo) | Dio111K000] | Dpi111&e00) | Diooz) K [ooo]

Dioo11 K001 | DiooojKioo1) | DiooojKjo11] | Dioooj K111 | DioooKoo2)

Dio111Kp11) | Dro1yEpoor | Dot Kooy | DProriyEpoy | DPioor Kooy

DKy | DooyKpory | DooyEpiyg | PooyEpry | Doty Koy

Di0001m000) | Dioo21 Kjoo1) | DKooy | PuiziKeor) | DK

Ds[001]77[001] Ds[001]77[000] D[011]K[011] Ds[111]77[000] D[012]K[001]

Dgo111m011] | Dsjooo)Moo1) | Dio1zj&oo1) | Dsjorn)Moor) | Dsjoo2)Mooo)

D001)fotooo) | Dsforn)mooo) | Dio111K 001 | Dsfoo1)noor)
Dioon)moor) | D3i11yforoo) | Doz fofooo]
Dioo11 K 001) D1001) foroo1)
D:[on]fO[OOO]

(YTy) x 18 | (yT) x 32 | (YT) x 52 | (yT) x 36 | (YT¢) x 32
[000]T] [000]E* [001] E; 011] B, [011] B, [111)Es
Dioo1 K001 | DioorjKjoor) | DProorjKjorr) | Dioorj Kooy D111 K01 Dio11)K[001]
Dio1n K11 | Dio1nKjor) | DPro11jKjoo1) | Dio121 Koo Dio11) K011 Dioo1) K [o11]
Dg0011m001) | Dioo21 Koo2) | Dsjor11fojoor) | Do) K1) | Dsjooryfojoor) | Dsjor1)fojoor
DiyoKor) | Dsponmoor] | PiooyKooo) | Dspuanfooor) | DigiyKrooo) | DKool
D3000)foroo0] | Dspornmonn) | DioogiKoor] | DioiyEiooo) | {2} Djog Koo

D:[001]f0[000] D:[011]f0[000] D:[on]fO[OOO]
(YT) x 16 | (T) x 52 | (YTy) x 52 | (YT'y) x 52 (yT¢) x 52 (YT9) x 68

Table 6. The interpolating operators used in each irrep, [ﬁ}A(P ), of the DK I = 0 channel on the
my, = 239 MeV ensemble. The subscripts on the meson-meson operators refer to the momentum
types. The number in braces, { Npuit }, denotes the multiplicity of linearly independent two-meson
operators if this is larger than one. The number of §q operators used, n, is indicated by (¢T'%) x n,
where T represents some combination of Dirac y-matrices and up to three (two) spatial covariant
derivatives at zero (non-zero) momentum (except only up to two spatial derivatives for [000]T7 ).
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[000] AT [001]A, [011]A, [111]A4,

Dioo01 Kooo] | DroonjEpo00] | Por1)Eooo) | Pri11Kooo)

Dioo1EK(001] | DiooojEKo01] | ProoojKor1) | Droooj K11y

Dio1Ko11) | Dio1jEKo01) | DioorjKjoor] | Dio11K 001

DKy | DoyEiryy | Prooy Ky | Do Koy

D1 K1) | DpigKoor) | Diooz K111

D111 K111y | Do Kjor1) | Dpir Kooz

Digog1 K1o01] | Diooz K[o11]
Dioo11 K02 | Dior1)E[002
(YT) x 8 | (PT¢) x 32 | (PT) x 52 | (¢T) x 36
[000]T] [001] E; 011] B, [011] By [111] B,
Dioo11K0011 | Do Kpo1) | ProojKoor) | PpiKioory | Do Koot
Dio111K0111 | Doy | ProiyKpor) | Doy Ky | Doy Ko
DKy | Dupig Ky | ProoziKor) | D1 Kory | Dpooz K 11
Dio11)K111) | Do11)K7002] D111 K002
(YTy) x 16 | (PT9) x 52 | (YTp) x 52 | (YT9) x 52 | (§T) x 68
[000] E+ [000]T5" [001]B; [001] By

Dioo11 K011 | Doy &1y | Doy Kooy | P Koy

D11 Kjo11) | DK | DioonKjorn) | Dior K

(YT9P) x 8 | (YT¢) x 10 | (PT) x 20 | (¢T) x 20

Table 7. As table 6 but for DK I = 0 on the m, = 391 MeV ensembles. The ggq operators include
some combination of Dirac y-matrices and up to two spatial covariant derivatives. The irreps in
the bottom row were not used on the 163 volume.

[000]141+ [000]T" [000]E+ [001] A4, [011]A4, [111]4, [002]) A4,
Dioog) Kjoog) | Pioo1jKoo) | Pioo1jKioor) | DProojKoo; | Pror11 Koo | DKoo | Dot Koo
Doy Kooy | P11 Kjor | Do Kiory | Doooj Koy | Dpoooj Koy | Droooj K11y | DrorjKjory
Dio11Kp11) | PnigKpy | Doz Kooz | Do Koot | PooyHKoor) | PorjKpor) | Py Ky
DK DioonKjo11) | DKoy | Do Kiorr) | Doz Koo
Dioo21 Kooz Dioo2) Kjoo1) | DoojEuiy | DpooziEuiy | Drooo Kooz
*Dio121K[o12) Doy Kooz | Dpo11Kpp1) | Do Kp11) | D12 Kooy
*Di119) K119 D Ko1n) | DioogKjory | Pz Kooy | PprigKoiy

Dio1 K1) | Dpo121Kpon
Dio121K(po11) | DKoy

*Dio111Ko12]

*Dio12)Kooz)
D119/ K119

Table 8. As table 6 but for DK I = 0,1 on the m, = 239 MeV ensemble. The * indicates operators
that were only used in the I = 1 channel.
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[000] AT [001]A; [011] A, [111]A;
D1 Koo0] | Proon Koo | Pror1 K000 | Prii1Kooo)
Dioo11K7001] | DrooojEo01] | PooojEo11) | Dioooj K1y
Dio111K0111 | Do Kpor) | PiooKoor) | D111 Koo
DKy | Doy | ooy Ky | Do Koy
Dioo21 K021 | D&y | DKooy | DPioo2i Ky
Dio1) K11y | Do EKjorn) | Dipnn Kooz
Digog1 K011 | Diooz K1)
Dioo11K002) | Dio111K 002
[000]T" [001] E [011] B, [011] By [111] E
Dioo1 K011 | Dior1jEKo01] | Do) Kjoor) | PpiyKoory | Pror1 Koo
Dio111K0111 | DooyEKior1y | ProiyKo1r) | Loy Ky | Doy Ko
DKy | Dpig Ky | ooz | D1y | Prooz K1y
Dioo2 Kjo02) | Dio11E11) | Dio111K 002] D111 K 002]
[000] E+ [000] T3 [001] B, [001] By
Do Koo1] | Dio1yjKor1) | Dpo1yjKjoor) | DKoy
Dyo111Kpo111 | DpagEpuiy | Prooy Koy | Do Ky
D021 Ko02]
Table 9. As table 6 but for DK I = 0,1 on the m, = 391 MeV ensembles.
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B Principal correlators

In figures 20, 21 and 22, as a representative example we show the principal correlators from
the [000] A} irrep for DK I =0, DK I =0, and DK I = 1 respectively. All of the levels
shown are included in the spectrum figures in section 4, but the faded principal correlator
plots correspond to levels shown in grey in those figures and these levels were not used in
the scattering analyses. Higher-energy levels obtained in the variational analysis are not
shown. Table 10 summarises the fitting ranges and tg values used. Note that we add an
additional uncertainty to the raw m, = 391 MeV energies shown in figures 20, 21 and 22
before performing any scattering analyses, as detailed above.

[000]JA7  m;/MeV  L/as to tmin tmax

239 32 7 4 30

16 12 3 31

DK I1=0

391 20 12 4 30

24 12 2 30

239 32 12 8 29

DKI=0 20 5 30
391

24 4 27

239 32 12 8 29

DKI=1 20 12 5 30
391

24 12 4 30

Table 10. The maximum overall fitting ranges and t; values used for the fits presented in fig-
ures 20, 21 and 22.
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Figure 20. The principal correlators, plotted as er(t=t)\ (¢, ,), obtained for DK I = 0 in the
[000] A7 irrep with m, = 239 MeV (top) and m, = 391 MeV (bottom). Points shown in grey were
not included in the fit. The red curves show the result of two-exponential fits as detailed in section 2
(this fit form enforces An(to,tp) = 1). The mass extracted from the leading exponential and the
x%/Ngot are indicated for each fit. These principal correlators correspond to the levels shown in
figures 3 and 4; faded plots correspond to levels shown in grey in those figures and these are not
used in the scattering analyses.
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DK I =0, m; =239 MeV

[000] AT
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Figure 21. As figure 20 but for DK I = 0. These correspond to levels shown in figures 5 and 6.
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Figure 22. As figure

20 but for DK I = 1. These
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C Covariance-adjusted and uncorrelated DK fits

Tables 11, 12, 13 and 14 present details of DK I = 0 and I = 1 scattering amplitude fits
discussed in sections 5.2 and 5.3.

r = 0.001 r = 0.002 r = 0.005 r=0.01 uncort.
ao/a 9.4+20 9.5+24 8.9+29 8.3+34 53+24
ro/ay 32+12 33+ 14 31+18 26 + 24 —9+55
a1/as —65 + 95 —62+108 —100 + 140 —114 + 240 —240 + 220
az/a; | —151004£8700  —17200 + 10500 —20500 & 14500  —23000 + 18000 | —36000 + 32000

10.93 0.57 0.53 10.94 0.63 0.61 10.95 0.69 0.65 10.96 0.74 0.67 10.97 —0.10 0.01
COTT. [ 1 04130 ggg:| |: 1 0{10 8%?:| |: 1 0{)4 8251):| |: 1 0A163 89}] |: 1 —-0.08 0.06
. . o i)o 1 701.30
Nadj 3 7 10 12 —
X%/ Naot =2 =0.80 25 =0.73 46 =053 2T =041 =L =0.11

Table 11. DK I = 0 scattering amplitude fits on the m, = 239 MeV ensemble, as in eq. (5.12) but
with small eigenvalues adjusted as described in the text (four columns labelled by r) or correlations
between finite-volume energies set to zero (final column). N,g; is the number of small eigenvalues
adjusted. While adjusting the eigenvalues of the covariance matrix could be considered to have
reduced the number of degrees of freedom, here the 2 /Naot are presented with the original Ngef.

r = 0.002 r = 0.005 r=0.01 uncorr.
ao/at 16.1+2.3 159424 16.0+£25 18.3+£22
ro/as 36.4+1.8 36.6 +1.8 36.7+1.8 37.3+34
a1/ay 133 +£27 129 + 29 128 + 30 160 = 39
az/az 4600 + 1300 4400 + 1400 4400 + 1400 4600 + 1400

10.36 0.75 0.75 10.39 0.74 0.75 10.37 0.75 0.76 1 0.64 —0.06 —0.01
COIT. 1 —-0.14 —0.14 1 —-0.12 —0.11 1 -0.13 -0.13 1 0.05 0.04
1 0.91 :| [ 1 0.97 :| |: 1 0,194 j| [ 1 —01.04
Nagj 2 5 7
X%/ Neot 78 =0.74 795 = 0.66 320 = 0.62 2L =119

Table 12. As table 11 but for DK I = 0 on the m, = 391 MeV ensembles, eq. (5.13).

r = 0.001 r = 0.002 r = 0.005 uncorr.
afar | —4.61+£024  —4.68+027  —473+0.34 —6.21 4 0.65
ay/ay —227 £ 70 234 + 75 —226 + 83 —530 £ 190
as/a; | —18700+ 9300 19400 + 10100 —21000 + 12000 | —54000 + 29000
core | [MOROBE][rOURE] [roReB] | [T
: : : ; )
Nagj 4 7 11 —
X*/Naot | 15 =098 {25 =0.90 195 = 0.68 152 = 0.47

Table 13. As table 11 but for DK I = 1 on the m, = 239 MeV ensembles, eq. (5.14).
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r = 0.002 r = 0.005 r=0.01 UNCOIT.
ao/a —4.39£0.38 —4.24£0.48 —4.02 £ 0.57 —2.78 £ 0.56
ro/a 16.2+3.7 —15.0+£4.7 —13.146.2 9+19
ay/a; —46 £ 16 —44+19 —41+22 —18+34
az/a —2710 + 750 —2500 =+ 890 2330 + 1020 2100 = 1300
1 0.80 0.66 0.66 1 0.82 0.69 0.70 1 0.85 0.68 0.71 10.93 —0.14 —0.05
COIT. 1 0.210.21 1 0.310.32 1 0.38 0.39 1 —0.11 —0.04
1 04191 1 0.85 1 0.179 1 —01.03
Nadj 7 13 17 —
X*/Naot | 225 =084 B = 0.77 324 =0.63 226 =1.23

Open Access.

Table 14. As table 11 but for DK I = 1 on the m, = 391 MeV ensembles, eq. (5.15).

This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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