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Two-pole nature of the A(1405) from lattice QCD
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This letter presents the first lattice QCD computation of the coupled channel 7¥~-K N scatter-
ing amplitudes at energies near 1405 MeV. These amplitudes contain the resonance A(1405) with
strangeness S = —1 and isospin, spin, and parity quantum numbers I(J¥) = 0(1/27). However,
whether there is a single resonance or two nearby resonance poles in this region is controversial
theoretically and experimentally. Using single-baryon and meson-baryon operators to extract the
finite-volume stationary-state energies to obtain the scattering amplitudes at slightly unphysical
quark masses corresponding to m, ~ 200 MeV and mg ~ 487 MeV, this study finds the amplitudes
exhibit a virtual bound state below the 7% threshold in addition to the established resonance pole
just below the K N threshold. Several parametrizations of the two-channel K-matrix are employed
to fit the lattice QCD results, all of which support the two-pole picture suggested by SU(3) chiral

symmetry and unitarity.

Introduction.—The strong nuclear force is described by
quantum chromodynamics (QCD) which governs the dy-
namics and interactions of quarks and gluons. Due to an
important property of QCD known as asymptotic free-
dom, the use of perturbation theory is useful for QCD
scattering calculations at very high energies. The bind-
ing of quarks and gluons to form hadrons, such as protons
and neutrons, is a low-energy phenomenon of QCD, re-
quiring a nonperturbative calculational technique. Such
techniques are difficult to apply, so that understanding
the hadron spectrum of QCD remains an important out-
standing issue for the Standard Model of particle physics.
In particular, resonances such as the A(1405) defy the
naive quark-model picture of baryons and mesons. In
this letter, a Markov-chain Monte Carlo method using
QCD formulated on a space-time lattice is applied to
shed light on the puzzling hadron resonance structure in
the region of the A(1405).

The history of the A(1405) began in Refs. [1, 2] which
suggested that the low-energy K~ p amplitude measured
in bubble chamber experiments implies a resonance in
the 7~ X% spectrum just below the K ~p threshold. The
intervening decades have witnessed considerable exper-
imental progress in this system [3, 4], but a consensus
about whether there is a single resonance or two nearby
resonance poles in this energy region has not yet been
reached. This is evidenced by the most recent Par-
ticle Data Group review [5] which lists an additional
A(1380) resonance pole with lower confidence. An im-

proved determination of the K~ p scattering length [6]
was enabled by measurements of the energy shift and
width of kaonic hydrogen by the SIDDHARTHA collab-
oration at DA®NE [7]. The angular analysis of the pro-
cess v +p — Kt + X + 7 by the CLAS collaboration
at JLab determined the line shapes [8] and the spin par-
ity quantum numbers [9] J¥ = 1/27. The CLAS data
has been analyzed in Refs. [10, 11], which suggest the
existence of two isoscalar poles. Recent data from the
BGOOD collaboration [12] and a preliminary study by
the GlueX collaboration [13] also support the two-pole
scenario. Similarly, inter-hadron potentials determined
by the ALICE collaboration using the ‘femtoscopy’ ap-
proach favor the two-pole picture [14]. However, recent
data from J-PARC is successfully described by a single
pole [15] and a combined analysis in Ref. [16] concludes
that a single resonance sufficiently describes the experi-
mental data, without ruling out the two-pole description.

On the theoretical side, the relatively low mass and
quantum numbers of the A(1405) are difficult to ac-
commodate in constituent quark models [17]. How-
ever, some insight is gained from SU(3) chiral effec-
tive theory [18-20]. The leading-order interaction be-
tween the octet of Goldstone bosons and (ground-state)
octet baryons [21, 22] predicts an attractive interaction
in both the flavor-SU(3) singlet and octet combinations.
After employing a unitarization procedure, this attrac-
tion leads to two poles in the scattering matrix analyti-
cally continued to complex center-of-mass energies [23].



Despite the agreement of nearly all chiral approaches
(which are reviewed in Refs. [24-26]) on the two-pole sce-
nario, the position of the lower pole remains somewhat
poorly constrained [5]. Recent theoretical works about
the A(1405) can be found in Refs. [27-34].

Lattice QCD is a first-principles method that can
be used to unambiguously determine the nature of the
A(1405) and provide two unique insights. First, the elas-
tic w3 scattering amplitude can be computed directly
below the KN threshold. This process is difficult to ac-
cess experimentally and lattice results may help identify
and constrain a second lower pole. Second, the motion
of the poles in the complex plane upon varying the u,
d, and s quark masses away from their physical values
provides additional input to future chiral effective theory
analyses [35, 36].

The computation of real-time two-to-two scatter-
ing amplitudes below three-hadron thresholds from
imaginary-time lattice QCD calculations is well-
developed and relies on the finite-volume spectrum of
interacting two-hadron states [37-44]. Previous lattice
QCD computations of the A(1405) have not computed
scattering amplitudes and instead aimed only to isolate
the lowest finite-volume energy eigenstate using single-
baryon three-quark interpolating fields [45-53]. Using
only such operators is known to be insufficient to ex-
tract scattering information, such as scattering ampli-
tudes and pole locations. The KN scattering length for
I = 0 has been computed long ago using the quenched
approximation [54], but mixing with the kinematically-
open 7% channel was neglected. The 7% and KN scat-
tering lengths in other (non-singlet) flavor and isospin
combinations not directly relevant for the A(1405) have
been computed in Refs. [55-57].

This work computes the isospin I = 0 and strangeness
S = —1 coupled-channel 7% — K N scattering amplitudes
below the A threshold from lattice QCD for the first
time. A single ensemble of gauge configurations with dy-
namical u, d, and s quarks is employed with pion and
kaon masses of m, ~ 200 MeV and mk = 487 MeV, re-
spectively, which deviate slightly from their physical val-
ues mPYs ~ 140 MeV and m%™* ~ 495 MeV. The u and
d quark masses are set to be equal and electroweak inter-
actions are neglected, so isospin is a good quantum num-
ber. The main result of this work is a set of parametriza-
tions of the amplitudes which are constrained by fits to
the finite-volume energy spectrum. These parametriza-
tions can accommodate zero, one, or two poles, but when
fit to the lattice results and analytically continued to the
complex-energy plane, they all confirm the presence of
two poles, the positions of which vary little and are con-
sistent with predictions from chiral effective theory. Our
use of m, > mPhs moves the lower pole just below the
mY-threshold leading to its unambiguous identification
as a virtual bound state. The higher pole near the K N-
threshold is also clearly present.
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FIG. 1. The I = 0 and S = —1 coupled-channel 7% — KN
amplitude computed on a single lattice QCD gauge-field en-
semble with m, ~ 200 MeV as a function of the energy dif-
ference to the w3 threshold in the center-of-mass frame. The
upper panel shows the transition matrix elements, defined in
Eq. (4), using the K-matrix parametrization with the lowest
AIC constrained by the finite-volume spectrum in the bot-
tom panel. The second panel shows the model variation for
the same quantities using several parametrizations. The third
and fourth panels show the position of poles in the complex
center-of-mass energy (E.m) plane on the sheets closest to
the physical one: using the parametrization with lowest AIC
(third panel), and for several parametrizations (fourth panel).
In the second and fourth panel, the transparency of each line
and corresponding pair of pole positions is proportional to
exp [— (AIC — AICwmin) /2], where AICyi, is the lowest AIC
corresponding to the fit in Eq. (3), which is also shown in the
top panel. The subscripts ¢, j index the two open scattering
channels. In the lowest panel, the lattice QCD energy levels
that serve as input to the amplitude analyses are displayed.
For clarity, these energy levels are displaced vertically by the
total spatial momentum d defined below Eq. (1).

This letter provides a summary of the computation
while technical details are left to a companion paper [58].
The main result is Fig. 1, which shows fits to the
finite-volume spectrum using all parametrizations of the
coupled-channel amplitude and the associated pole posi-
tions. Statistical errors are shown for the parametriza-
tion with the lowest Akaike information criterion (AIC)
value.

Determination of finite-volume energies.— The ensem-
ble of gauge configurations and algorithm for evaluat-
ing correlation functions are briefly reviewed here and
discussed more deeply in the companion paper. The
Nt = 2+1 QCD gauge configurations comprise the ‘D200’
ensemble generated by the Coordinated Lattice Simula-



TABLE I. Parameters of the D200 ensemble [59]. The lattice
dimensions in space and time (L and T'), as well as the mass
of the pion (m-) and kaon (mx) are given in units of the
lattice spacing a. In pion mass units, the size of the box is
m.L = 4.181(16).

alfm] (L/a)® x T/a amx
0.0633(4)(6)  64° x 128  0.06533(25)

amgk
0.15602(16)

tions (CLS) consortium [59] which is detailed in Table I.
The lattice spacing is determined in Ref. [60] and updated
in Ref. [61]. All correlation matrices are computed us-
ing the stochastic-LapH [62] implementation of Ref. [63].
The flexibility afforded by the source-sink factorization
and subsequent computation of correlators via optimized
tensor contractions [64] is particularly advantageous for
large Hermitian correlation matrices containing single-
baryon, 7%, and KN interpolating operators.

The determination of finite-volume stationary-state
energies is also discussed in detail in the companion pa-
per and summarized here. The interaction shift AFy.p
of a lab-frame energy from a nearby non-interacting en-
ergy is extracted from a single-state fit to the ratio of
a diagonalized correlation function over the product of
correlators for the individual constituents of the nearby
non-interacting energy. The diagonalization of the cor-
relation matrices is done by solving a generalized eigen-
value problem (GEVP) as described in Ref. [63]. We
have verified the insensitivity of our extracted energies
to reasonable variations of the GEVP parameters, the
use of different nearby non-interacting levels, and differ-
ent fit forms. An example energy determination is shown
in Fig. 2 for the ground state of the G1,(0) irreducible
representation (irrep), which predominantly contains the
parity-odd, s-wave scattering system. All levels used to
constrain the amplitude are shown in Fig. 3.

Scattering amplitude determination.— In lattice QCD,
scattering amplitudes below three-hadron thresholds are
inferred from finite-volume spectra [37-44] using the re-
lationship [65]

det[K Y (Fem) — B (Eew)] = 0. (1)
The matrix K is related to the usual scattering K-matrix
(normalized such that the single-channel equivalent of
K~ is the s-wave kcot 8o), and the ‘box matrix’ BP
for a particular total momentum P = (2x/L)d (with
d € 7?) encodes the reduction in symmetry due to the fi-
nite toroidal spatial volume. E.,, denotes center-of-mass
energy. Eq. (1) ignores terms which are suppressed ex-
ponentially with the spatial extent L. For scattering be-
tween baryons and pseudoscalar mesons, the K-matrix
does not mix different J, but does couple the 7% and
K N channels. By contrast, the box matrix is diagonal in
the two scattering channels, but mixes partial waves. BY
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FIG. 2. Example determination of a finite-volume stationary-
state energy, illustrating the sensitivity of the fitted energy to
the lower end of the fit range (fmin) for the lowest level of
the G14(0) irrep. Each set of points corresponds to a differ-
ent fit form. The two-exponential and geometric [63] fits are
performed to the diagonalized correlation function only. The
single-exponential ratio fits are performed to the same corre-
lator divided by either the product K (0)N(0) or 7(0)X(0) of
correlators, and the lab frame energy aFy,p is reconstructed
from the interaction shifts. The dark horizontal band and
filled symbol denote the chosen fit.

is, however, block diagonal in the basis given by irreps
of the finite-volume little group of momentum P. De-
manding a vanishing determinant in one of these infinite-
dimensional blocks provides a relationship between the
K-matrix and the finite-volume spectrum in a particular
irrep. In practice, partial waves with orbital angular mo-
mentum ¢ > (. are neglected; here £y, = 0 is chosen
in both the 7% and KN channels. The systematic error
due to this is estimated by considering ¢, = 1, and
found to be insignificant for the near-threshold energy
region relevant here. Specifically, the effect of including
additional waves with £ = 1 leads to shifts that are sig-
nificantly smaller that the statistical uncertainties in fit
results for the ¢ = 0 K-matrix. Levels from all irreps
in Table 1 of Ref. [63] to which the J = 1/27 partial
wave contributes are employed, as well as one level each
from the G14(0), F1(3), and F5(3) irreps for the fpay =1
check. All elements of BF required for this work are
given in Ref. [65].

For lax = 0, the finite-volume spectrum shown in
Fig. 3 constrains the coupled-channel scattering ampli-
tude via Eq. (1) at center-of-mass energies near the
7% and KN thresholds. The effective range expansion
(ERE) is used to parametrize the K-matrix

ECl’Il

T

z] = Azg + BZ]A7T27 (2)

where A;; and B;; are symmetric and real coefficients
with 7 and j denoting either of the two scattering chan-
nels (channel 0 is 73 and channel 1 is KN). Moreover,
Ars = (B2, — (my +mx)?)/(mx +mx)? labels the dis-
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FIG. 3. Finite-volume spectrum in the center-of-mass frame
used as input data to constrain parametrizations of the
coupled-channel 7% — KN scattering amplitude. Each col-
umn corresponds to a particular irrep A(d?) of the little group
of total momentum P? = (27/L)?d?. Only irreps where the
¢ = 0 partial wave contributes are included. Dashed lines in-
dicate various thresholds, as labeled. Model energies from the
resultant scattering-amplitude fit are given by blue squares.

tance to the 7% threshold. The parameters, which are
the elements of the A and B matrices, are determined
from fits to the lattice QCD results using the spectrum
method [66]. Similar fits are performed with variations of
the above parametrization: an ERE for K —1 removing
the factor of E.y, in Eq. (2), parametrizations inspired
by the Weinberg-Tomozawa potential [19], or using the
Blatt-Biedenharn [67] form. The effect of fixing some (or
all) of the elements of B to zero is also explored.

The correlated-x? of the above fits is defined by com-
paring the center-of-mass interaction shifts AFE., ob-
tained from the model with those determined from the
ratio fits with a particular choice of the non-interacting
levels. The fit with the lowest Akaike Information Crite-
rion (AIC) value is a four-parameter fit to Eq. (2). The
result is

Ag =4.1(1.8), Ay = —10.5(1.1),

3
Ag1 = 10.3(1.5), By = —29(18), ®)

with fixed Bogp = B1; = 0 and x? = 10.52 for 11 degrees
of freedom. This fit is shown in Fig. 1. All statistical un-
certainties and correlations are taken into account using
the bootstrap method with 800 samples.

Analytic structure of the amplitude.—The various
parametrizations discussed above constrain the energy
dependence of the amplitudes near the finite-volume en-
ergies, even if they do not accommodate left-hand (cross-
channel) cuts. Knowledge over this limited range enables
the analytic continuation of the scattering amplitude (de-
noted 7)) to complex E.;, and the identification of poles
close to the real axis on sheets adjacent to the physical
one.

The K-matrix, the J© = 1/27 scattering amplitude
T, and the normalized amplitude ¢ shown in Fig. 1 are

related by
8T Eem

Lz

= T =K' —ik, (4)

where m k = diag (kxs, kgn),

1
C4EZ,

\NE?

oy Mgy M)

Here, A(z,y, 2) is the Kéllén function [68] and kg is
defined similarly. Analytic continuation of the coupled
channel 7% — K N amplitude involves four different Rie-
mann sheets, each labelled by the sign of the imaginary
parts of (kr», ki), with (+,4) denoting the physical
sheet. Complex poles in the scattering amplitude corre-
spond to vanishing eigenvalues in the right-hand side of
Eq. (4), and are determined numerically. In the vicinity
of a pole, the divergent part of the amplitude is

t:L ( Crs C7r220KN> + ..., (5)
Eem — Epolc Crs CEN RN
where the (complex) residues ¢;s and ¢z denote the
coupling of the resonance pole to each channel.
Two poles are found on the (—,+) sheet, which is the
one closest to physical scattering in the region between
the two thresholds. Their locations are

By =1392(9)(2)(16) MeV,

B, =[1455(13)(2)(17) — i11.5(4.4)(4)(0.1)] MeV, ©)

and their couplings

1
o

(1)
‘RN

2
o

(2)
CRN

— 1.9(4)(6),

= 0.53(9)(10).  (7)

The first uncertainty is statistical, the second accounts
for parametrization dependence, and for the pole posi-
tions, the third comes from the uncertainty in the lat-
tice spacing in Table I. Two poles are present for all
parametrizations of the K-matrix. The pole at E; is
likely a virtual bound state, except in 0.5% of bootstrap
samples where it is located on the physical sheet and thus
a bound state, while the one at Fs is a resonance. The
first pole has a stronger coupling to the 73 channel, while
for the second, the hierarchy is reversed, a pattern also
predicted by chiral unitary models. Further confirmation
of the existence of the lower pole as a virtual bound state
comes from a single-channel analysis of the energy levels
near the 73 threshold, as shown in Fig. 4.
Conclusion.— This study of 75— K N scattering in the
A(1405) region is the first coupled-channel meson-baryon
scattering amplitude determined from lattice QCD. Her-
mitian correlation matrices using both single-baryon and
meson-baryon interpolating operators for a variety of
different total momenta and irreducible representations
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FIG. 4. The elastic 73 amplitude near threshold. The points
are obtained from Eq. (1) using a single channel and fmax = 0.
The shaded band denotes a fit of the four levels shown to
a two-parameter effective range expansion. A pole on the
real axis in the second Riemann sheet (a virtual bound state)
occurs when krs cotdrx; — tkxs = 0 below threshold. This is
where the black dashed line intersects the fit.

were used. The analytic continuation of the amplitudes
into the complex center-of-mass energy plane is stabi-
lized by finite-volume energies just below the 7% and K N
thresholds and clearly exhibits two poles. At a slightly
heavier-than-physical pion mass of m, =~ 200 MeV, the
lower pole is a virtual bound state below the 7% threshold
and the higher a resonance just below the KN thresh-
old. Due to our use of m, > mP™s the real parts of
the pole positions in Eq. (6) are somewhat larger than
those determined at the physical point from experiment
using chiral approaches [5], which lie within the ranges
Re E; = 1325—1380 MeV and Re Fy = 1421 —1434 MeV.
Importantly, this qualitative consistency supports the
two-pole picture predicted by chiral symmetry and uni-
tarity.

Future work with this system includes moving to phys-
ical quark masses which requires the consideration of
three particle effects, but this should not present a major
problem in the region relevant for the A(1405). Estimat-
ing residual finite-volume and lattice spacing effects are
also planned. Studying this system along the quark-mass
trajectory toward the SU(3)-symmetric point will also
test the motion of the pole positions predicted by chi-
ral effective theories. Finally, this work opens the door
to investigations of other baryon resonances, such as the

N(1535), A(1670), £(1620), and Z(1620).
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