
MIT-CTP/5579

Two-pole nature of the Λ(1405) from lattice QCD

John Bulava,1 Bárbara Cid-Mora,2 Andrew D. Hanlon,3 Ben Hörz,4 Daniel Mohler,5, 2 Colin Morningstar,6

Joseph Moscoso,7 Amy Nicholson,7 Fernando Romero-López,8 Sarah Skinner,6 and André Walker-Loud9
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This letter presents the first lattice QCD computation of the coupled channel πΣ–K̄N scatter-
ing amplitudes at energies near 1405MeV. These amplitudes contain the resonance Λ(1405) with
strangeness S = −1 and isospin, spin, and parity quantum numbers I(JP ) = 0(1/2−). 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 mπ ≈ 200 MeV and mK ≈ 487 MeV, this study finds the amplitudes
exhibit a virtual bound state below the πΣ threshold in addition to the established resonance pole
just below the K̄N 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 Λ(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 Λ(1405).

The history of the Λ(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 π−Σ+ 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
Λ(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 DAΦNE [7]. The angular analysis of the pro-
cess γ + p → K+ + Σ + π by the CLAS collaboration
at JLab determined the line shapes [8] and the spin par-
ity quantum numbers [9] JP = 1/2−. 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 Λ(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].
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(BGR), QCD with Two Light Dynamical Chirally Im-
proved Quarks: Baryons, Phys. Rev. D 87, 074504
(2013), arXiv:1301.4318 [hep-lat].



7

[49] Y. Nemoto, N. Nakajima, H. Matsufuru, and H. Sug-
anuma, Negative parity baryons in quenched anisotropic
lattice QCD, Phys. Rev. D 68, 094505 (2003), arXiv:hep-
lat/0302013.

[50] T. Burch, C. Gattringer, L. Y. Glozman, C. Hagen,
D. Hierl, C. B. Lang, and A. Schafer, Excited hadrons
on the lattice: Baryons, Phys. Rev. D 74, 014504 (2006),
arXiv:hep-lat/0604019.

[51] T. T. Takahashi and M. Oka, Low-lying Lambda Baryons
with spin 1/2 in Two-flavor Lattice QCD, Phys. Rev. D
81, 034505 (2010), arXiv:0910.0686 [hep-lat].

[52] S. Meinel and G. Rendon, Charm-baryon semileptonic
decays and the strange Λ* resonances: New insights
from lattice QCD, Phys. Rev. D 105, L051505 (2022),
arXiv:2107.13084 [hep-ph].

[53] J. M. M. Hall, W. Kamleh, D. B. Leinweber, B. J.
Menadue, B. J. Owen, A. W. Thomas, and R. D. Young,
Lattice QCD Evidence that the Λ(1405) Resonance is
an Antikaon-Nucleon Molecule, Phys. Rev. Lett. 114,
132002 (2015), arXiv:1411.3402 [hep-lat].

[54] M. Fukugita, Y. Kuramashi, M. Okawa, H. Mino, and
A. Ukawa, Hadron scattering lengths in lattice QCD,
Phys. Rev. D52, 3003 (1995), arXiv:hep-lat/9501024
[hep-lat].

[55] W. Detmold and A. Nicholson, Low energy scattering
phase shifts for meson-baryon systems, Phys. Rev. D93,
114511 (2016), arXiv:1511.02275 [hep-lat].

[56] A. Torok, S. R. Beane, W. Detmold, T. C. Luu,
K. Orginos, A. Parreno, M. J. Savage, and A. Walker-
Loud, Meson-Baryon Scattering Lengths from Mixed-
Action Lattice QCD, Phys. Rev. D81, 074506 (2010),
arXiv:0907.1913 [hep-lat].

[57] G.-W. Meng, C. Miao, X.-N. Du, and C. Liu, Lattice
study on kaon nucleon scattering length in the I = 1
channel, Int. J. Mod. Phys. A 19, 4401 (2004), arXiv:hep-
lat/0309048.

[58] J. Bulava, B. Cid-Mora, A. D. Hanlon, B. Hörz,
D. Mohler, C. Morningstar, J. Moscoso, A. Nichol-
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