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We report our recent study of the a1 meson using a quenched lattice quantum chromodynamics
simulation with the truncated overlap fermions formalism based on the domain wall fermions. The
obtained lightest mass of the a1 meson, 1272(45) MeV, is consistent with the experimental value
for a1(1260). Thus, a1(1260) can be identified to have a simple two-body constituent-quark struc-
ture. Our quenched simulation result of a1(1420) cannot explain the experimental mass value, which
suggests a1(1420) is not a simple qq̄ two quark state
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1. Introduction

The classification of light axial-vector mesons (a1) is a long-standing problem of meson spec-
troscopy. Currently the particle data group lists [1] three a1 mesons: a1(1260), a1(1420), and a1(1640);
however, this is a richer spectrum than that in the prediction of usual qq̄ mesons in a constituent quark
model. In general, the JPC = 1++ and I = 1, meson is realized in 3P1 state in the quark model. If
a1(1260) is assumed to be the ground state for a1 meson, mass of the next radial excitation becomes
at least 1.7 GeV [2]. This shows that the radial excitation of a1(1260) may not be a1(1420), but
a1(1640). In other words, the structure of a1(1420) cannot be understood as a simple qq̄ state. It is a
possible candidate for the dynamical effect due to a singularity in the triangle diagram [3–6] or the
exotic multi-quark state [7–10]. The structure of a1(1420) is still not well understood. Similarly, the
structure of the a1(1260) meson is unclear. Whereas the a1(1260) meson is the chiral partner of the ρ
meson, which is described as qq̄ in the Nambu-Jona-Lasinio model [11], the a1(1260) meson could
also be interpreted as the gauge boson of the hidden local symmetry [12–15]. Another interpretation
of a1(1260) is the dynamically generated resonance in πρ scattering in coupled-channel approaches
based on chiral effective theory [16]. Nagahiro et al. discussed the mixing properties of a1(1260) of
the quark composite state and the hadronic composite state [17].

Here, we investigate the structure of the lightest a1 meson determined from lattice quantum chro-
modynamics (QCD). Lattice QCD is a first-principles approach for hadron physics. In particular,
we are interested in the possible relation between the nature of the a1 meson, which is the chiral
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partner of the ρ meson, and the dynamical breaking of chiral symmetry. It offers the key to an un-
derstanding of the relation between the σ meson, which is the chiral partner of the pion, and the
dynamical breaking [11]. Therefore, we employ the truncated overlap fermion formalism of lattice
chiral fermions [18], which have good chiral symmetry. The truncated overlap fermion formalism is
classified into lattice chiral fermions [19–22].

Lattice simulations of the a1 meson have been previously performed. Wingate et al. measured
the mass of the a1 meson using lattice QCD with two flavors of dynamical staggered quarks [23].
Their result was in agreement with the experimental value for a1(1260). Recently, Prelovsek et al.
presented the results for the mass of a1 meson and the coupling constant [24]. These simulations
were performed in the full QCD with clover-improved Wilson quarks. This work was continued in
Ref. [25], they extracted the resonance mass of the ground state for a1 meson, mres

a1
= 1.435(53)(+0

−109)
GeV and the coupling ga1πρ = 1.71(39) GeV by simulating the corresponding scattering channel πρ.
Their obtained value of the a1 meson mass is higher than the experimental result [1].

Our collaboration performs quenched simulations for the a1 meson using the truncated overlap
fermion formalism with qq̄ interpolating operators [26]. This suggest that the lightest a1 meson is the
qq̄ state composed of u and d quarks.

2. Lattice calculation

We adopt the following interpolating operator for creating the a1 meson with I = 1 and JPC =

1++,

Oa1 = q̄γµγ5q , (1)

where q denotes the u or d quark operator. Using the truncated overlap fermions with the plaquette
gauge action, we perform a quenched simulation on an 83 × 24 lattice, the length of fifth dimension
N5 = 32, the five dimensional mass m5 = 1.65, and β = 5.7. We use point sources and sinks when
calculating hadron propagators, which leads to larger masses on a relatively small lattice because of
a mixture of higher mass states. The masses obtained in our simulation should thus be considered as
the upper limits. The a1 meson propagator is more noisy than those of π and ρ mesons, and therefore
more statistics are required.

We generate gauge configurations based on the plaquette gauge action by using the pseudo heat-
bath method. After 20000 thermalization iterations, we start to save gauge configurations every 1000
sweeps. We calculate meson propagators on the stored gauge configurations for each of the quark
mass values, m f a = 0.08, 0.06, and 0.04, where a is the lattice spacing. We use 3000 (7964) configu-
rations for the calculation of the meson propagators with m f a = 0.08 and 0.06 (m f a = 0.04).

Table I. Masses of π, ρ, and a1 mesons, mass ratios and numbers of configurations. Number of configurations
are separated by 1000 sweeps.

m f a mπa mρa mπ/mρ ma1/mρ Ncon f ig

0.08 0.667(1) 0.950(2) 0.702(2) 1.480(13) 3000
0.06 0.589(1) 0.904(2) 0.652(3) 1.511(19) 3000
0.04 0.503(1) 0.861(2) 0.584(2) 1.540(19) 7964

The effective masses, meffa, of these mesons are displayed in Fig. 1, which are determined as

G(t)
G(t + 1)

=
e−meff(t)t + e−meff (t)(T−t)

e−meff(t)(t+1) + e−meff (t)(T−(t+1)) , (2)
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where G(t) represents the propagators of the mesons. We estimate the statistical errors using the
jackknife method. Thanks to the large enough statistics, we obtain very clear propagators and effective
masses for the a1 meson. The masses of the π, ρ, and a1 mesons for m f a = 0.80, 0.06, and 0.04 are
listed in Table I. The π and ρ masses are evaluated from effective masses in the range of 6 ≤ t/a ≤ 9.
The a1 mass, on the other hand, is obtained in the range of 5 ≤ t/a ≤ 8, because the effective masses
of a1 suffer from large errors at large t. The masses of π and ρ mesons obtained in our simulation on
a small lattice give good agreement with that Blum et al. [27] on a large lattice (83 × 32), though our
results are less than 2 percent higher than their results.

Fig. 1. Time dependence of the effective masses at m f a = 0.08. Open circles, triangles, and diamonds stand
for the propagators of π meson, ρ meson, and a1 meson, respectively.

We linearly extrapolate the lattice results of the meson masses to the chiral limit, (mπa)2 = 0.
Using mρ = 775 MeV as the input, we obtain a = 0.190(2) fm. In this limit, the difference between
the chiral extrapolations m f a → 0 and m f a → −mresa is negligible due to the smallness of mresa =
1.27 × 10−2, where mres is the residual mass. Therefore, we apply m f a → 0. We estimate the mass
ratio ma1/mρ to be 1.64(6) and the mass of the a1 meson to be ma1 = 1272(45) MeV. Our result is
consistent with the experimental value of a1(1260), 1230(40) MeV [1].

3. Summary

We studied the lightest a1 meson based on a quenched approximation using truncated overlap
fermions. We estimated the mass of the a1 meson to be 1272(45) MeV, which is in good agreement
with the experimental value of a1(1260) [1]. The masses obtained in our simulation should be con-
sidered as the upper limits. Our results are consistent with those of Wingate et al. [23] who employed
a full QCD simulation without chiral symmetry. Our simulation used truncated overlap fermions, and
thus respects chiral symmetry, but in the quenched approximation.

Our lattice study and quark model analyses support that the simple two-body constituent-quark
structure of a1(1260) is consistent with the experimentally observed a1(1260). Our a1 meson does
not agree with a1(1420). A quenched simulation is a clean theoretical experiment in which virtual
intermediate states such as qqq̄q̄ are highly suppressed.
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