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FIGURE 3. The extrapolated resonant (/,J) = (1, 1) nnr scattering phase shift from lattice QCD and UyPT shown
alongside experimental data from Refs. [55, 56]. The dark blue band encompasses the statistical error only, while

the light blue band includes systematic errors discussed in the text. The dashed lines denote the 4x, 67, KK, and 87
thresholds.

for a plot of the scattering phase shift (at m, = 236 MeV) using these extracted LECs. We note that when this amplitude
is analytically continued to the complex plane to extract the pole of the resonance we find E, = 782(2) — %85(2) MeV.
This is in good agreement with the poles obtained by the Hadron Spectrum Collaboration, which used a different set
of parametrizations for the scattering amplitude.

Figure 2 shows the results of using these extracted LECs to compute the scattering phase shift at other values
of m,. The left panel shows the theory at m, = 140,236, and 391 MeV. The m, = 391 MeV theory is compared
with a prior calculation by the Hadron Spectrum Collaboration [26]. It is worth noting that although UyPT should
not be trusted for such a heavy value of the pion mass, one finds qualitatively good agreement with the lattice QCD
calculation. The right panel compares the results of extrapolating to the physical point with SU(2) vs. SU(3) UyPT.
As previously mentioned, SU(3) yPT suffers from relatively large systematic errors that we are not able to properly
estimate.

Finally, in Fig. 3 we present our extrapolated phase shift in comparison with experimental data [55, 56]. We
observe good agreement for points up to center of mass energy (E}.) of 1.2 GeV, well beyond the point at which
standard yPT would fail. Furthermore, it is important to note that our result reinforces the fact that the few-body
thresholds, namely those for the 47, 6z, KK, and 87 states, seem to give negligible contributions. This is emphasized
by the dashed lines in the plot denoting the thresholds. By analytically continuing the amplitude to the complex plane,
we find the pole at £, = [755(2)(1)((2)3) - % 129(3)(1)@)] MeV.

CONCLUSION AND OUTLOOK

The study of few-body systems via lattice QCD continues to pose a challenge. This has restricted studies of resonant
amplitudes to unphysically heavy quark masses, where few-body thresholds can be safely neglected. To connect lattice
QCD determinations of the resonant isotriplet 7 scattering amplitude, we present a chiral extrapolation of the results
by the Hadron Spectrum Collaboration [1]. This demonstrates that, in practice, UyPT can be used for extrapolation
of resonant amplitudes determined from lattice QCD using moderately light quark masses.

There are two obviously desirable classes of systems to consider in the future. First are the more phenomeno-
logically interesting isoscalar channels, where lattice QCD calculations are still at their early stages [57, 58].
The second are the study of electromagnetic processes involving resonant states, where there has been exciting
progress [59, 60, 61, 27].
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