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h i g h l i g h t s

• Correlation-matrix projected correlators reveal more than one state contributing.
• Results are associated with strong mixing of single and multi-particle states in QCD.
• A two-exponential fit confirms the presence of two QCD eigenstates.
• The lower-lying eigenstate is consistent with a nucleon–pion scattering threshold.
• The impact of this small contamination on the higher-lying state is examined.
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a b s t r a c t

We explore the Euclidean-time tails of odd-parity nucleon correla-
tion functions in a search for the S-wave pion–nucleon scattering-
state threshold contribution. The analysis is performed using 2+ 1
flavor 323

× 64 PACS-CS gauge configurations available via the
ILDG. Correlationmatrices composedwith various levels of fermion
source/sink smearing are used to project low-lying states. The con-
sideration of 25,600 fermion propagators reveals the presence of
more than one state in what would normally be regarded as an
eigenstate-projected correlation function. This observation is in
accord with the scenario where the eigenstates contain a strong
mixing of single and multi-particle states but only the single par-
ticle component has a strong coupling to the interpolating field.
Employing a two-exponential fit to the eigenvector-projected cor-
relation function, we are able to confirm the presence of two
eigenstates. The lower-lying eigenstate is consistent with a Nπ

∗ Corresponding author. Tel.: +61 883133423; fax: +61 883133551.
E-mail address: derek.leinweber@adelaide.edu.au (D.B. Leinweber).

0003-4916/$ – see front matter© 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.aop.2014.01.004

http://dx.doi.org/10.1016/j.aop.2014.01.004
http://www.elsevier.com/locate/aop
http://www.elsevier.com/locate/aop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aop.2014.01.004&domain=pdf
mailto:derek.leinweber@adelaide.edu.au
http://dx.doi.org/10.1016/j.aop.2014.01.004


M.S. Mahbub et al. / Annals of Physics 342 (2014) 270–282 271

scattering threshold and has a relatively small coupling to the
three-quark interpolating field.We discuss the impact of this small
scattering-state contamination in the eigenvector projected corre-
lation function on previous results presented in the literature.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The hadron spectrum provides an interesting foundational platform with which to investigate the
QCD interactions of quarks and gluons. It presents significant challenges to current investigations of
this relativistic quantum field theory. How do the resonances observed in experiment emerge from
the first principles of QCD?What is the structure of these states and can it be linked to known effective
degrees of freedom? For example, are elusive states like the Λ(1405) or the nucleon Roper resonance
exotic, perhaps having a molecular meson–baryon structure?

In this paper we address the first question by performing a lattice QCD study of the nucleon spec-
trum in a search for themulti-particle scattering threshold states which ultimately generate the finite
width of the resonances in the infinite volume limit. Correlation matrices composed of traditional
three-quark operators have been very successful in revealing a dense spectrum of baryon excited
states in lattice QCD [1–12]. However the lowest lying multi-particle scattering state thresholds are
often absent in the observed spectra.

The coupling of these two-particle dominated states to localized three-quark operators is
suppressed relative to single-particle dominated states. In full QCD, 3-quark operators will have some
coupling to the meson–baryon components of QCD eigenstates through interactions with the sea-
quark loops of the QCD vacuum. However, this coupling is small relative to the coupling to the single-
particle three-quark component of the eigenstate.

When the three-quark operator creates a resonance in the infinite volume limit, the overlap with a
state dominated by ameson–baryon component is suppressed on the finite lattice volume,V , asV−1/2.
On large volumes these multi-particle dominated states will be difficult to observe with three-quark
operators alone.

In the large-volume case, it is themixing of one-, two- andmulti-particle components in the finite-
volumeQCD eigenstates that predominantly governs the presence ofmulti-particle states when using
traditional three-quark operators alone. As discussed in detail in the following, these multi-particle
threshold scattering states are likely hidden within the projected correlation functions of correlation
matrices composed purely of three-quark interpolating fields. Our focus here is to reveal these low-
lying hidden states.

In the following, we report a case where two states are indeed participating in what otherwise
would be considered to be an eigenstate-projected correlation function. Through a two-state analysis
of the projected correlatorwe are able to accommodate thisweakly coupled second state and evaluate
the extent to which it influences the determination of the mass of the dominant state.

2. Correlation matrix techniques

To isolate energy eigenstateswe use the correlationmatrix or variationalmethod [13,14]. To access
N states of the spectrum, one requires a minimum of N interpolators. With the assumption that only
N states contribute significantly to the correlation matrix Gij at time t , the parity-projected two-point
correlation function matrix for p⃗ = 0 can be written as

G±

ij (t) =


x⃗

Trsp {Γ± ⟨ Ω | χi(x) χ̄j(0) | Ω ⟩}, (1)

=

N
α

λα
i λ̄α

j e−mα t , (2)
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