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sea quarks are presented. We perform simulations at several values of the pion mass ranging from
250 to 600 MeV and extrapolate to the physical pion mass. The variational method is applied
to extract excited energy levels but also to discuss the content of the states. Among others, we
explore the flavor singlet/octet content of Lambda states. In general, our results agree well with

experiment, in particular we confirm the Lambda(1405) and its dominant flavor singlet structure.
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1. Introduction

Our main knowledge about Strong Interactions lies in experimental data on hadron resonances [1],
of which an ab-initio determination starting from QCD would be truly desirable. Although there
is noticeable progress in computing resonance properties on the lattice (for a review, see, e.g.,
[2]), this is still a prohibitively difficult task for most resonances. To discuss an extensive list of
excited hadrons, we consider the discrete spectrum of the Hamiltonian in a finite box. This discrete
spectrum becomes denser towards larger volumes, and the volume dependence is related to the
phase shift of the resonance in the elastic region [3, 4]. However, in finite volume and also for
unphysically heavy pion masses the decay channels are often closed or the related phase space is
small. Correspondingly, the energy levels in the finite system are close to the resonance peak, in
particular for narrow resonances. Hence, as a first approximation, the discrete energy levels can
be identified with the masses of corresponding resonances. We discuss all canonical channels of
isovector light and strange mesons and light and strange baryons and give results at the physical
pion mass which can be compared to experiment. A large basis of interpolators is considered,
which, however, includes only quark—antiquark and 3-quark interpolators. In principle, the sea
quarks should provide overlap of these interpolators with meson—meson and meson—baryon states.
In practice, however, we cannot clearly identify such states. A possible explanation may be a weak
overlap with the used interpolators, indicating the need for more general interpolators for future
work. The results presented here have been published before in [5, 6, 7, 8, 9], for recent reviews on
hadron spectroscopy on the lattice, see, e.g., [10, 11, 12].

2. Setup

While most lattice Dirac operators break chiral symmetry explicitly, a lattice version of the sym-
metry can be formulated by choosing a particular discretization of the Dirac operator, which obeys
the non-linear “Ginsparg-Wilson" equation [13, 14]. We use the Chirally Improved (CI) fermion
action [15, 16], which is an approximate solution to this equation. For the gauge sector we use the
tadpole-improved Liischer-Weisz action [17]. The lattice spacing a is set at the physical pion mass
for each value of the gauge coupling using a Sommer parameter ry = 0.48 fm, as discussed in [5].
The lowest energy levels can be extracted considering correlation functions of hadronic interpola-
tors and their exponential decay in euclidean time. The correlators are computed using Monte Carlo
simulations with importance sampling for the gauge sector and the fermion determinant. To discuss
excited states, the variational method is applied [18, 19]. One constructs several interpolators O; for
each set of quantum numbers and computes the cross-correlation matrix C;;(¢) = (0;(t)0;(0)"). Its
generalized eigenvalue problem yields approximations to the eigenstates of the Hamiltonian. The
exponential decay of the eigenvalues is governed by the energy levels, and the eigenvectors tell
about the content of the states in terms of the lattice interpolators. We simulate two CI light sea
quarks and consider a valence strange quark. We generate seven ensembles with pion masses in the
range from 250 to 600 MeV, lattice spacings between 0.13 and 0.14 fm and lattices of size L ~ 2.2
fm. For two ensembles with light pion masses also lattices with different volumes are considered
to discuss finite volume effects. The interpolators are given explicitly in [5, 8]. The present work
is a continuation of [20], considering more ensembles, larger statistics and more observables.
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3. Results
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Figure 1: Energy levels for isovector light (left), strange and isoscalar (right) mesons in finite volume
(L = 2.2 fm). All values are obtained by extrapolation linear in the pion mass squared to the physical
pion mass. Horizontal lines and boxes represent experimentally known states, dashed lines indicate poor
evidence, according to [1]. The statistical uncertainty of our results is indicated by bands of 10, that of
the experimental values by boxes of 1. For spin 2 mesons, results for 7> and E are shown side by side.
Open symbols denote a poor x2/d.o.f. of the chiral fits. Disconnected diagrams are neglected in the isoscalar
channels.
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Figure 2: Like Fig. 1, but for positive (left) and negative parity (right) baryons.

We study the isovector light and strange meson channels J = 0, 1,2 in both parities and both
C-parities and the light and strange baryon channels J = 1/2,3/2 in both parities. Figs. 1 and
2 show our results for the energy levels in finite volume after extrapolation to the physical pion
mass. In general, the results agree nicely with the experimental values, where available. As an
example, we reproduce the prominent A(1405). In Fig. 3 (rhs) we show the corresponding results
for the individual ensembles in this channel. In some cases our results suggest the existence of
yet experimentally unobserved resonance states. However, some obtained energy levels mismatch
experiment. The first excitation in the nucleon (J© = 1/2%) channel, e.g., lies considerably higher
than the Roper resonance. A possible interpretation is a weak overlap of our interpolators with
the physical state. Another possible source of deviation from experiment are finite-volume effects.
Fig. 3 shows our results for a selection of states after extrapolation to infinite volume. In general
our results in the infinite volume limit compare very well with experiment. For the baryons, we
analyze the flavor content by identifying the singlet/octet/decuplet contributions. For example,
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Figure 3: Lhs: Like Fig. 1, but for hadrons in the infinite volume limit. Rhs: Energy levels for the baryon
channel A (J® = 1/27) in a finite box of linear size L = 2.2 fm. The magenta stars denote the experimental
values [1], all other symbols (at heavier pion masses) represent results from the simulations.
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Figure 4: Lhs: Eigenvectors for the ground state and the first excitation for m; ~ 255 MeV, for the baryon
channel A (J¥ = 1/27). The ground state A(1405) is dominated by flavor singlet, the first excitation by octet
interpolators. Rhs: Same as left hand side, but for JF=3 / 2+, We find the first excitation to be dominated
by flavor singlet interpolators, which vanish exactly for point-like interpolators due to Fierz-identities.

we find a dominance of singlet interpolators (mixing of 15-20% with octet) for A(1405), and a
dominance of octet interpolators of the first excitation. The corresponding eigenvectors are shown
in Fig. 4. In the A (J* = 3/27") channel, the first excitation appears to be dominated by flavor singlet
interpolators. Such interpolators vanish exactly for point-like quark-fields due to Fierz-identities.
Using different quark-smearing widths to side-step these identities, we are able to construct non-
vanishing interpolators nevertheless. To conclude, we remark that our ab-initio determination of
the excited hadron spectrum agrees well with experiment, and provides also further insights, such
as yet unknown states, and also the content of the states in terms of lattice interpolators.
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