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We determine for the first time the quark mass dependence of the A(1405) from an analysis of
a recent LQCD simulation on the ¥ — KN scattering in / = 0 and the trajectories of these
poles towards the symmetric point over the m,, + mg + ms = constant trajectory accurately. At
m, = 200 MeV, our results are consistent with both, the lattice simulation and experimental
data. We predict qualitatively similar trajectories at LO and up to NLO, consistent with the LO
interaction’s dominance. At the SU(3) symmetric point of this trajectory, both poles are on the
physical sheet, and the lower pole is located at E(!) = 1573(6)(6) MeV, becoming a SU(3) singlet,
while the higher pole at £(3%) = 1589(7)(5) MeV couples to the octet representation. The results
presented here are crucial to shed light on the molecular nature of this exotic baryon and can be
tested in future LQCD simulations.
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1. Introduction

Being one of the first exotic baryon resonances discovered, the A(1405) [1l 2] has been a
subject of controversy for a long time. The reason is the two-pole structure predicted in the chiral
unitary approach, closely related to 7% and KN thresholds [3-9]]. Sixty years after its discovery, the
lower pole has been included in the PDG [10]. In addition, it is the first negative parity excitation
of the A state, however, it is lighter than its nucleon counterpart by around 100 MeV. These features
can be reproduced in the chiral unitary approach [3, 5]. In the chiral-unitary formalism, the
main interaction is driven by the lowest order (LO) interaction in s-wave, the so-called Weinberg-
Tomozawa term, which is attractive and leads to two poles in the unphysical sheet, also present at
NLO and NNLO [[11H15]. In this approach, the lower-energy pole couples more strongly to 7% and
the higher one to KN. The analysis of experimental cross sections with Hamiltonian effective field
theory leads also to the two-pole structure [[16]. For recent reviews of the A(1405), see Refs. [8l9]].

Lattice QCD (LQCD) simulations related to the A(1405) were conducted in the past considering
only single-baryon three-quark interpolating fields [17H19]. The chiral unitary approach predicts
different trends of the two poles of the A(1405) towards the SU(3) limit. In this limit, while the
low-energy pole belongs to the singlet representation, the higher one does to the octet [5, 20].
First explorations of the trajectories of the A(1405) with increasing pion masses can be found in
Refs. [21H25]). Recently, a LQCD simulation included the meson-baryon operators and a signature
of the lower pole of the A(1405) has been observed in LQCD for the first time [26] 27]. In this
work, we predict the trends of these poles towards the SU(3) limit from this data within the NLO
chiral unitary approach. The data of [26, 27| are based on the light hadron ensembles of [28] in a
chiral path of the type Tr[M] = C E] These trajectories are connected to the SU(3) breaking pattern
and the dynamically-generated-resonance nature of the A(1405).

2. Formalism

The details of the calculation are presented in [29]. We study the sector isospin, strangeness,

I =0,S = —1, considering four channels i, j = X, KN,nA, KE, and including the LO (also with
Born diagrams) and NLO terms,

Vij = Vi? + Vi, M

where VIO = YWT 4 yBorm  Thege are given by [30],

NiN; NiN;
VT =- 4lf21 [Cij(2Vs = M = M;)|, VO =- }QJ (Dij = 2k k™ Lij), 2

where N; = v/(M; + E;)/2M;, and M;, E; stand for the baryon mass and energy of channel i,
respectively. Apart from the Weinberg-Tomozawa (WT) and the NLO interaction, the Born terms
for the s- and u-channels with the J¥ = 1/2* octet baryon-exchange diagrams are included, which
are taken from Ref. [31]. The D;; and L;; coefficients are a combination of the pertinent LECs
of by, bp,br, and d;, i = 1,4. The LECs b; are fitted to the recent RQCD simulations on the
quark mass dependence of baryon masses for the CLS ensembles [28], which include data on

"Here, M stands for the quark mass matrix, and the trajectory Tr[M] = C means m,, + mg + mg = C.
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the my; = mg phy, Tr[M] = C and my, 4y = m, trajectories. The result of this fit can be seen
in [29]]. For the Tr[M] = C path, the SU(3) limit is reached at m , = 423 MeV with a baryon mass
mp = 1182(7)(5) MeV. We take the quark mass dependence of the pseudoscalar meson masses 7
and decay constants fy, with ¢ = 7, K, 5, from the global fit performed in [32].
In the finite volume, neglecting the effects from higher partial waves, the scattering amplitude
reads,
T'=vy'-G. 3)

where V, stands for the s-wave NLO interaction. The finite-volume loop function G can be
calculated in the DR scheme as,

G(P) =G R*(P)+ lim AG(P, ). (4)

Gmax

being AG = G -G, the loop function in the infinite volume, GPR or G*°, and the one in the finite
volume, G<° [21,29]. In the infinite volume, we use GPR with a quark-mass-dependent subtraction
constant [29, [33]], @ (gmax). Neglecting the effects from higher partial waves, the energy levels are
given solely by [29]],

det [I - VoG] = 0. 5

3. Results and discussions

We analyze the energy levels of Refs. [26] 27] for m, ~ 200 MeV through Eq. (5), with the
s-wave projection of the NLO interaction in Eq. (I)). The resulting energy levels are shown in Fig.
The LQCD energy levels are very well reproduced by the interaction up to NLO. We have included
the first four energy levels in the fit, with all data points shown in Fig.[I] The d; LECs are fitted to
the energy levels. The value of the reduced- y> obtained is )(gof = 2.3. || The cutoff gnax obtained
in this fit is 623(23)(23) MeV.

dq d> d3 dy

~0.38(9)(7) 0.02(1)(1) —0.07(3)(3) —0.45(5)(6)

Table 1: Results for the LECs d; in units of GeV~!. The second error comes from the uncertainty in the
lattice spacing [26)} 27]).

In the infinite volume limit, we find two poles related to the A(1405), one is a virtual pole
and the other a resonance. In Table [2] we give the positions and couplings of the poles to the
different channels for m, = 138 and 200 MeV, for the four-coupled-channel calculation in the first
and second rows, respectively. When the nA and KE channels are removed, the virtual resonance
related to the lower pole becomes a virtual bound state. The pole positions and couplings for the
two-coupled channel system are shown in the third row, which can be compared with the LQCD
simulation results [26} [27]]. The positions of the two poles at m , ~ 200 MeV and the ratios of the
couplings obtained in this work for two channels have an excellent agreement with the ones from

2We do not consider systematic errors in the LQCD data when performing the fit.
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LQCD [26, 27]. While the first pole couples strongly to 7%, the second one does to KN. In the
four-coupled-channel calculation, the couplings to the nA and K= are non-negligible. Note that
these channels were not considered in the analysis of the LQCD simulation [26} 27]].

The positions of the poles at the physical point agree also well with experiment [29] and also
the experimental cross sections are fairly reproduced from the LQCD analysis. See Fig.[2] This
strongly supports the quark-mass dependence obtained here.
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Figure 1: Finite-volume spectrum [26,[27] in the center-of-mass frame used as inputs to constrain the LECs
of the chiral Lagrangian up to NLO.

Next, we comment on the results obtained in the SU(3) limit. In this limit, we obtain a
resonance coupling to the singlet representation corresponding to the lower pole and two poles
coupling to the octet representations. Note that, in principle, the pseudoscalar meson-baryon
channels couple to both, 8 and 8’ representationﬂ and therefore, the resonance generated by them
can also couple to both, mixing these representations [20]]. Since the SU(3) symmetry is respected
in this limit, it is possible to find a basis where the octet representations disentangle by diagonalizing
the interaction [29] and to find the mixing angle we follow [20]. We have obtained § ~ — 60°. The
pole positions and couplings to the different representations are shown in Table 3] With only WT,
we find one pole located at E(1) = 1556(2) and two degenerate poles at E 84 = E(®P) = 1606(1)
MeV, coupling to the singlet and octet representations, respectively. Note that this degeneracy
is accidental caused by the WT interaction. When the Born and NLO terms are included, the
two higher poles split in energy. This effect is in agreement with findings from previous works
[S, 20} 23]. In particular, while the lower pole couples to the 8a, the higher one does to the 8b
representation. The mass shift between the two higher poles after including the NLO obtained in
this work is AE® = 14 MeV.

Next, we show our prediction for the trajectories of the poles towards the SU(3) limit over the
Tr[M] = C trajectory in Fig. 3| (a), where we show the results at LO and up to NLO. We see that,
at LO (LO+NLO), the lower pole evolves from a resonance into a virtual state at m, = 198 (174)
MeV. Then, it becomes a bound state at m, = 235 (273) MeV and a singlet pole when it reaches
the symmetric line. On the other hand, the higher pole changes from a resonance to a bound state

3In particular, the KN channel couples to both octet representations, 8 and 8.



Pole trajectories of the A(1405) towards the SU(3) limit Raquel Molina

at m, = 415 (405) MeV, close to the symmetric point. The higher pole of the A(1405) and the
A(1670) couple to the 8a and 8b representations in the SU(3) limit.

8ny
8RN

. 1376(10)(10) — i142(19)(5) 2.8(1)(2) 2.3(6)(3) 1.2(5)(1) 1.5(3)(3) 1.0(1)(2)

#ch m, Pole |g 3] lgz | gl lgkzl

1418(11)(2) —i11(6)(3)  1.1(5)(2) 3.0(2)(2) 0.4(1)(1) 2.0(2)(5) 0.4(1)(3)

200 1366223239’—1'572‘5‘%@; 3.7(7)(4)  1.8(8)(6) 2.1(5)(3) 1.2(3)(3) 0.8(2)(2)

1450(15)(11) = i15(9)(5)  1.5(7)(4) 3.1(5)(4) 0.5(2)(1) 2.1(3)(6) 0.5(1)(3)

1387(7)(6) 3.4(10)(10) 1.8(5)(8) 1.9(10)(5)
2 200

1455(14)(6) — i29(11)(7)  2.2(7)(3) 3.8(6)(3) 0.6(1)(1)

Table 2: Pole positions and couplings of the A(1405) for m, = 138 and 200 MeV. m , and the pole position
are given in units of MeV.

WT LO [WT+Born] LO+NLO

21 22 23 21 22 23 71 22 <3

Pole 1556(2) 1606(1) 1606(1) 1548(3) 1601(1) 1607(1) 1573(6)(6) 1589(7)(5) 1603(9)(10)

len| 3.0(1) 0 0 30(1) 0 0 2.8(1)(1) 0 0
syl 0 081) 0 0 181 0 0 2.4(8)(2) 0
e, O 0 081 0 0 0.4(1) 0 0 1.7(6)(5)

Table 3: Pole positions and couplings to the relevant multiplets in the SU(3) limit. The pole position is given
in units of MeV.

The prediction for the evolution of the two poles over the m; = mg pyy trajectory is shown
in Fig. (3| (b). In this case, we obtain that the symmetric point corresponds to m, = 758 MeV.
However, at this high pion mass, the NLO ChPT expansion breaks down [29], and in particular,
the expressions of the decay constants f, ¢ = m, K, n fail. Still, we can make predictions up to
450 MeV, were the NLO ChPT relations for the masses and pseudoscalar decay constants work
well [32]]. These values are also consistent with previous analysis of the baryon masses [34]. Since
now the K and the ¥ masses increase with the pion mass [29], we obtain that the real parts of
the two poles, which couple significantly to KN and 7%, rise much faster than in the Tr[M] = C
trajectory. In the mg = m pyy trajectory, the lower pole evolves from a resonance into a virtual state
atm, = 200 (178) MeV at LO (LO+NLO). Then, it becomes a bound state at m , = 236 (278) MeV.
The poles corresponding to the A(1405) and A(1670) are always found in the second Riemann
sheet as resonances below m , = 450 MeV. These results can be tested in future LQCD simulations.
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Figure 2: Comparison of the predicted cross-sections and the experimental data [8]]. The error bands of the
cross sections are constrained by the correlation matrix of the fit to the LQCD energy levels.

4. Conclusion and outlook

In this work, we have analyzed LQCD data on 7% — KN scattering for = 0 (energy levels)
at m, =~ 200 MeV and LQCD octect-baryon masses data in the range of pion masses between
the physical point and m, = 450 MeV. The theoretical framework is based on the NLO chiral
Lagrangians for the meson-baryon interaction and covariant baryon chiral perturbation theory for
the baryon masses. Our analysis took into account recent LQCD data on the baryon masses, meson
masses, and pseudoscalar decay constants, and the subtraction constants turn out to be of natural size
in the range of pion masses considered. Therefore, we have obtained the most precise determination
of the trajectories of the two-pole A(1405) toward the symmetric line on the Tr[M] = C curve. The
extrapolation of our results to the physical point is consistent with the experiment. Remarkably,
our results also agree with the cross-section data. Thus, consistency between the chiral unitary
approach predictions for the two-pole structure, the recent LQCD scattering data [26), [27]], and the
experimental data, is shown for the first time. We found that both poles lie on the physical Riemann
sheet at the symmetric point at m, = 423 MeV. Concretely, at the SU(3) limit, we find one of the
A(1405) poles couples to the singlet and is located at E1) = 1573(6)(6) MeV, while the higher
one appears at E 34 = 1589(7)(5) MeV and couples to the octet representation. There is a third
pole found connected to the A(1670), shifted by 14 MeV and belonging to the 8b representation.
The results obtained here strongly support the two-pole structure of the A(1405) generated from
the 7% — KN interaction. We have shown that the additional LQCD data also supports the two-pole
structure consistently with the experiment. The present work can also be tested in future LQCD
simulations and experimental measurements [35].
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Figure 3: Trajectories of the three poles up to NLO for the A(1405) and A(1670) along the curve Tr[M] =
C (a) and the curve mg = m phy (b). The uncertainties of trajectories up to NLO originate from the statistical
errors and the lattice spacing error.
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