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Key questions

• How to construct  to keep the connection to 
QCD?


• How to obtain precise predictions for nuclear 
observables with quantified theoretical error?

H
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• Weinberg, 90’s:


• Use protons, neutrons and pions as 
degrees of freedom.


• Formulate the most general dynamics  
consistent with low-energy symmetries 
of QCD.


• Perturbative expansion in 
mπ , p

Λb
≡

Q
Λb

The nuclear force from EFT

S. Weinberg, (1979), (1990), (1991)
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• Weinberg, 90’s:


• Use protons, neutrons and pions as 
degrees of freedom.


• Formulate the most general dynamics  
consistent with low-energy symmetries 
of QCD.


• Perturbative expansion in 
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EFTχ

S. Weinberg, (1979), (1990), (1991)
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V =

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N
<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="hsXmY69pnwuhF1zGdFmF4ZlOSTQ=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXRjcuK9gFtKJPJTTt0ZhIyE6GE4he41S9wJ279Fj/A/zBts7CtBwYO59x7597jRYJrY9vfVmFtfWNzq7hd2tnd2z8oHx61dJjEDJssFGHc8ahGwRU2DTcCO1GMVHoC297oduq3nzDWPFSPZhyhK+lA8YAzajLpoRfxfrliV+0ZyCpxclKBHI1++afnhyyRqAwTVOuuY0fGTWlsOBM4KfUSjRFlIzrAbkYVlajddLbqhJxlik+CMM6eMmSm/u1IqdR6LL2sUlIz1MveVPzP6yYmuHZTrqLEoGLzj4JEEBOS6d3E5zEyI8ZkYaInF/ZNdXbQEP0JKZWyXJzlFFZJ66LqXFZr97VK/SZPqAgncArn4MAV1OEOGtAEBgN4gVd4s56td+vD+pyXFqy85xgWYH39AmUzlSc=</latexit>⇡
n

p



4

✓EFT description rooted in QCD.

✓Systematic expansion with quantifiable 

theoretical error.

+ + . . .<latexit sha1_base64="aRuZAWz3RroTTeZhHXiTlE3w4UI=">AAAB/HicbVDLSsNAFL2pr1pfVZduBovgqiQi6kYounFZxT6gDWUyuWmHzkxCZiKUUL/ArX6BO3Hrv/gB/odpm4VtPTBwOOfeO/ceLxJcG9v+tgorq2vrG8XN0tb2zu5eef+gqcMkZthgoQjjtkc1Cq6wYbgR2I5ipNIT2PKGtxO/9YSx5qF6NKMIXUn7igecUZNJD83rXrliV+0pyDJxclKBHPVe+afrhyyRqAwTVOuOY0fGTWlsOBM4LnUTjRFlQ9rHTkYVlajddLrpmJxkik+CMM6eMmSq/u1IqdR6JL2sUlIz0IveRPzP6yQmuHJTrqLEoGKzj4JEEBOSydnE5zEyI0ZkbqIn5/ZNdXbQAP0xKZWyXJzFFJZJ86zqXFTP788rtZs8oSIcwTGcggOXUIM7qEMDGATwAq/wZj1b79aH9TkrLVh5zyHMwfr6BT3LlHs=</latexit>

V =

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N
<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>

N

<latexit sha1_base64="hsXmY69pnwuhF1zGdFmF4ZlOSTQ=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXRjcuK9gFtKJPJTTt0ZhIyE6GE4he41S9wJ279Fj/A/zBts7CtBwYO59x7597jRYJrY9vfVmFtfWNzq7hd2tnd2z8oHx61dJjEDJssFGHc8ahGwRU2DTcCO1GMVHoC297oduq3nzDWPFSPZhyhK+lA8YAzajLpoRfxfrliV+0ZyCpxclKBHI1++afnhyyRqAwTVOuuY0fGTWlsOBM4KfUSjRFlIzrAbkYVlajddLbqhJxlik+CMM6eMmSm/u1IqdR6LL2sUlIz1MveVPzP6yYmuHZTrqLEoGLzj4JEEBOS6d3E5zEyI8ZkYaInF/ZNdXbQEP0JKZWyXJzlFFZJ66LqXFZr97VK/SZPqAgncArn4MAV1OEOGtAEBgN4gVd4s56td+vD+pyXFqy85xgWYH39AmUzlSc=</latexit>⇡

The nuclear force from EFT



• Unknown values of low-energy constants (LECs).


• Importance of interactions: Power Counting (PC).

4

✓EFT description rooted in QCD.

✓Systematic expansion with quantifiable 

theoretical error.

+ + . . .<latexit sha1_base64="aRuZAWz3RroTTeZhHXiTlE3w4UI=">AAAB/HicbVDLSsNAFL2pr1pfVZduBovgqiQi6kYounFZxT6gDWUyuWmHzkxCZiKUUL/ArX6BO3Hrv/gB/odpm4VtPTBwOOfeO/ceLxJcG9v+tgorq2vrG8XN0tb2zu5eef+gqcMkZthgoQjjtkc1Cq6wYbgR2I5ipNIT2PKGtxO/9YSx5qF6NKMIXUn7igecUZNJD83rXrliV+0pyDJxclKBHPVe+afrhyyRqAwTVOuOY0fGTWlsOBM4LnUTjRFlQ9rHTkYVlajddLrpmJxkik+CMM6eMmSq/u1IqdR6JL2sUlIz0IveRPzP6yQmuHJTrqLEoGKzj4JEEBOSydnE5zEyI0ZkbqIn5/ZNdXbQAP0xKZWyXJzFFJZJ86zqXFTP788rtZs8oSIcwTGcggOXUIM7qEMDGATwAq/wZj1b79aH9TkrLVh5zyHMwfr6BT3LlHs=</latexit>

V =

<latexit sha1_base64="c5HoBg6bKQOskfFc/jGKlPQpksI=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GXRjStpwT6gDWUyuWmHziQhMxFKyBe41S9wJ279GD/A/zBts7CtBwYO59x7597jRoIrbVnfRmljc2t7p7xr7u0fHB5Vjk86Kkxihm0WijDuuVSh4AG2NdcCe1GMVLoCu+7kfuZ3nzFWPAye9DRCR9JRwH3OqM6l1uOwUrVq1hxkndgFqUKB5rDyM/BClkgMNBNUqb5tRdpJaaw5E5iZg0RhRNmEjrCf04BKVE46XzQjF7niET+M8xdoMlf/dqRUKjWVbl4pqR6rVW8m/uf1E+3fOikPokRjwBYf+YkgOiSzq4nHY2RaTMnSRFcu7Zuq/KAxehkxzTwXezWFddK5qtnXtXqrXm3cFQmV4QzO4RJsuIEGPEAT2sAA4QVe4c3IjHfjw/hclJaMoucUlmB8/QKqvJQs</latexit>
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The nuclear force from EFT



• Construct nucleon-nucleon potentials:

Weinberg Power Counting
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and three-nucleon forces and interaction currents.
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-  with WPC: Successful descriptions of two- 
and three-nucleon forces and interaction currents.
χEFT

- Predictions of observables depend on  (= not RG 
invariant)

Λ

• Construct nucleon-nucleon potentials:

Weinberg Power Counting

5 A. Nogga et al., Phys. Rev. C 72, (2005)
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Modified Weinberg PC

(Partly perturbative pions)

• What happens if we impose -independence and promote 
counterterms to lower orders to achieve this?

Λ
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• What happens if we impose -independence and promote 
counterterms to lower orders to achieve this?

Λ
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B. Long, C. J. Yang, Phys. Rev. C 84, (2011), 

Phys. Rev. C 85, (2012),   Phys. Rev. C 86, (2012)
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Modified Weinberg PC

(Partly perturbative pions)

• What happens if we impose -independence and promote 
counterterms to lower orders to achieve this?

Λ
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B. Long, C. J. Yang, Phys. Rev. C 84, (2011), 

Phys. Rev. C 85, (2012),   Phys. Rev. C 86, (2012)
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Neutron-proton scattering
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OT, A. Ekström, and C. Forssén, 
Phys. Rev. C 109, (2024)



Neutron-proton scattering

7

OT, A. Ekström, and C. Forssén, 
Phys. Rev. C 109, (2024)

• Also studied low-energy theorems (LETs).

OT,  Few-Body Syst. 65, 69 (2024)

Predicted effective range parameters



Can  with partly perturbative pions describe nuclear 
observables in >2 systems?

χEFT
A

8

Question:

• Some studies of LO and NLO for  observables, we are 
developing the machinery to go up to .

A > 2
N3LO

Y.-H. Song, R. Lazauskas, and U. van Kolck, Phys. Rev. C 96, (2017)

C. J. Yang et al.,  Phys. Rev. C 103, (2021)



Bound-state computations in perturbation theory

• Requirements:


• Method that is easy to implement in existing codes.


• Small computational overhead.


• Idea:


• Start with : can implement both the Rayleigh-Schrödinger 
and Hellmann–Feynman method.

3H

9
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No-core shell model for 3H
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ξ2

• Basis characterized by 


•  — number of basis states


•     — shape of basis states

(ℏΩ, Nmax)

Nmax

ℏΩ



No-core shell model for 3H

1
2

3

ξ1

ξ2

• Basis characterized by 


•  — number of basis states


•     — shape of basis states

(ℏΩ, Nmax)

Nmax

ℏΩ
Code available: 


https://github.com/othim/py-ncsm 



Now: perturbation theory!

11
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:N2LO

Now: perturbation theory!
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:N2LO

  Need full LO spectrum 
beyond NLO!


  Can implement for  in 
the NCSM.

−

+ 3H

Now: perturbation theory!
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Convergence with basis size, Nmax
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Convergence with basis size, Nmax

• Higher-order perturbative corrections 
converge slower.
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<latexit sha1_base64="A55tG6/DEPWRskZpvcg+ov2XzBk=">AAACH3icbVDLSsNAFJ3UV42vqks3g0VoKZSkFHUjFKXgsoJ9QBvLZDJth04mITMRSsgH+Bl+gVv9Anfith/gfzhJs7CtF4Z7OOeembnH9hkV0jDmWm5jc2t7J7+r7+0fHB4Vjk86wgsDTNrYY17Qs5EgjHLSllQy0vMDglybka49vUv07jMJBPX4o5z5xHLRmNMRxUgqalgoNuENbD5FJaMcw0qKzHJcSXpN9YHjSaGmjKqRFlwHZgaKIKvWsPCjfDh0CZeYISH6puFLK0KBpJiRWB+EgvgIT9GY9BXkyCXCitJlYnihGAeOvEAdLmHK/nVEyBVi5tpq0kVyIla1hPxP64dydG1FlPuhJBwvHhqFDEoPJslAhwYESzaDSzfa7tJ/I6EWmhAnhrqucjFXU1gHnVrVvKzWH+rFxm2WUB6cgXNQAia4Ag1wD1qgDTB4AW/gHXxor9qn9qV9L0ZzWuY5BUulzX8B/yafUw==</latexit>

E = E(0) + E(1) + E(2) + . . .3H



Convergence with basis size, Nmax

• Higher-order perturbative corrections 
converge slower.

• Percent-level precision beyond .Nmax = 38
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Λ = 600 MeV, ℏΩ = 35 MeV
Perturbative corrections

<latexit sha1_base64="A55tG6/DEPWRskZpvcg+ov2XzBk=">AAACH3icbVDLSsNAFJ3UV42vqks3g0VoKZSkFHUjFKXgsoJ9QBvLZDJth04mITMRSsgH+Bl+gVv9Anfith/gfzhJs7CtF4Z7OOeembnH9hkV0jDmWm5jc2t7J7+r7+0fHB4Vjk86wgsDTNrYY17Qs5EgjHLSllQy0vMDglybka49vUv07jMJBPX4o5z5xHLRmNMRxUgqalgoNuENbD5FJaMcw0qKzHJcSXpN9YHjSaGmjKqRFlwHZgaKIKvWsPCjfDh0CZeYISH6puFLK0KBpJiRWB+EgvgIT9GY9BXkyCXCitJlYnihGAeOvEAdLmHK/nVEyBVi5tpq0kVyIla1hPxP64dydG1FlPuhJBwvHhqFDEoPJslAhwYESzaDSzfa7tJ/I6EWmhAnhrqucjFXU1gHnVrVvKzWH+rFxm2WUB6cgXNQAia4Ag1wD1qgDTB4AW/gHXxor9qn9qV9L0ZzWuY5BUulzX8B/yafUw==</latexit>

E = E(0) + E(1) + E(2) + . . .3H
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<latexit sha1_base64="vDZiIonfGJi6YF4zRs+iSlouo3w="></latexit>

V (~x) = V (0)
NN + x1 · V (1)

NN + x2 · V (2)
NN + x3 · V (3)

NN

<latexit sha1_base64="IbZGgHjD6GgS92bpt/hdm5Uy8WI=">AAACUXicbVDLSsNAFL2N79ZH1aWbwSK0m5JIUTdCUQSXFewDmlom09t2cDIJmUmxxHyZn+HKpQs3+gXuTGNB+zgwcDjn3Jm5x/EFV9o03zLGyura+sbmVja3vbO7l98/aCgvDBjWmSe8oOVQhYJLrGuuBbb8AKnrCGw6j9cTvznCQHFP3uuxjx2XDiTvc0Z1InXz9ZuHqGiW4qI9QhY9xSVySWxB5UCgXVN8znwmt3/B5yUBO0hHu/mCWTZTkEViTUkBpqh18x92z2Ohi1IzQZVqW6avOxENNGcC46wdKvQpe6QDbCdUUhdVJ0rXj8lJovRI3wuSIzVJ1f8TEXWVGrtOknSpHqp5byIu89qh7l90Ii79UKNkvw/1Q0G0RyZdkh4PkGkxJjM3Ou7MfyOVLDTEXkyy2aQXa76FRdI4LVtn5cpdpVC9mja0CUdwDEWw4ByqcAs1qAODF3iHT/jKvGa+DTCM36iRmc4cwgyM3A/9BbJB</latexit>

E
(0)(~x) = h (0)(~x)|H(~x)| (0)(~x)i

Can solve exactly for 
<latexit sha1_base64="OZT5Langn+M3EVCTlHf/8hYKwbg=">AAACE3icbVBLTsMwEHX4lvALsGDBxqJCYlUlUAHLCjYsC6IfqQmV40xaq44TxU5FFeUYnIAtnIAdYssBOAD3IGm7oC1PsvT03sx45rkRZ1KZ5re2tLyyurZe2tA3t7Z3do29/aYMk5hCg4Y8jNsukcCZgIZiikM7ioEELoeWO7gp/NYQYslC8aBGETgB6QnmM0pULnWNQ3sINH3KbCawHRDVd930Pns87xpls2KOgReJNSVlNEW9a/zYXkiTAISinEjZscxIOSmJFaMcMt1OJESEDkgPOjkVJADppOMDMnySKx72wzh/QuGx+rcjJYGUo8DNK4sd5bxXiP95nUT5V07KRJQoEHTykZ9wrEJcpIE9FgNVfIRnJrrBzL6pzA/qg5dhXc9zseZTWCTNs4p1UaneVcu162lCJXSEjtEpstAlqqFbVEcNRFGGXtAretOetXftQ/uclC5p054DNAPt6xeR+J3t</latexit>

~x 2 R3

LO:
<latexit sha1_base64="fRRv5w3krMR2c3YrI8Ij9NtmF/0=">AAACUnicfVLLSsNAFJ3WV41Voy7dDBah3ZREiroRiiJ0WcE+oIllMrlth04mITMplpg/8zPcuBVc6Re4Mn0gthUvDBzOOffO3MM4AWdSGcZrJru2vrG5ldvWdvK7e/v6wWFT+lFIoUF97odth0jgTEBDMcWhHYRAPIdDyxneTPTWCELJfHGvxgHYHukL1mOUqJTq6k1cK1ojoPFjUsJPVl2yh7holJIf0gqJ6HPAV/h2SfnP3tULRtmYFl4F5hwU0LzqXf3dcn0aeSAU5UTKjmkEyo5JqBjlkGhWJCEgdEj60EmhIB5IO57un+DTlHFxzw/TIxSesr87YuJJOfac1OkRNZDL2oT8S+tEqndpx0wEkQJBZxf1Io6VjydhYpeFQBUf44WJjrfw3limCw3ATbCmpbmYyymsguZZ2TwvV+4qher1PKEcOkYnqIhMdIGqqIbqqIEoekZv6AN9Zl4yX9n0l8ys2cy85wgtVDb/DXyksnE=</latexit>

H(~x)| (0)(~x)i = E
(0)(~x)| (0)(~x)i
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<latexit sha1_base64="vDZiIonfGJi6YF4zRs+iSlouo3w="></latexit>

V (~x) = V (0)
NN + x1 · V (1)

NN + x2 · V (2)
NN + x3 · V (3)

NN

<latexit sha1_base64="IbZGgHjD6GgS92bpt/hdm5Uy8WI=">AAACUXicbVDLSsNAFL2N79ZH1aWbwSK0m5JIUTdCUQSXFewDmlom09t2cDIJmUmxxHyZn+HKpQs3+gXuTGNB+zgwcDjn3Jm5x/EFV9o03zLGyura+sbmVja3vbO7l98/aCgvDBjWmSe8oOVQhYJLrGuuBbb8AKnrCGw6j9cTvznCQHFP3uuxjx2XDiTvc0Z1InXz9ZuHqGiW4qI9QhY9xSVySWxB5UCgXVN8znwmt3/B5yUBO0hHu/mCWTZTkEViTUkBpqh18x92z2Ohi1IzQZVqW6avOxENNGcC46wdKvQpe6QDbCdUUhdVJ0rXj8lJovRI3wuSIzVJ1f8TEXWVGrtOknSpHqp5byIu89qh7l90Ii79UKNkvw/1Q0G0RyZdkh4PkGkxJjM3Ou7MfyOVLDTEXkyy2aQXa76FRdI4LVtn5cpdpVC9mja0CUdwDEWw4ByqcAs1qAODF3iHT/jKvGa+DTCM36iRmc4cwgyM3A/9BbJB</latexit>

E
(0)(~x) = h (0)(~x)|H(~x)| (0)(~x)i

Can solve exactly for 
<latexit sha1_base64="OZT5Langn+M3EVCTlHf/8hYKwbg=">AAACE3icbVBLTsMwEHX4lvALsGDBxqJCYlUlUAHLCjYsC6IfqQmV40xaq44TxU5FFeUYnIAtnIAdYssBOAD3IGm7oC1PsvT03sx45rkRZ1KZ5re2tLyyurZe2tA3t7Z3do29/aYMk5hCg4Y8jNsukcCZgIZiikM7ioEELoeWO7gp/NYQYslC8aBGETgB6QnmM0pULnWNQ3sINH3KbCawHRDVd930Pns87xpls2KOgReJNSVlNEW9a/zYXkiTAISinEjZscxIOSmJFaMcMt1OJESEDkgPOjkVJADppOMDMnySKx72wzh/QuGx+rcjJYGUo8DNK4sd5bxXiP95nUT5V07KRJQoEHTykZ9wrEJcpIE9FgNVfIRnJrrBzL6pzA/qg5dhXc9zseZTWCTNs4p1UaneVcu162lCJXSEjtEpstAlqqFbVEcNRFGGXtAretOetXftQ/uclC5p054DNAPt6xeR+J3t</latexit>

~x 2 R3

LO:
<latexit sha1_base64="fRRv5w3krMR2c3YrI8Ij9NtmF/0=">AAACUnicfVLLSsNAFJ3WV41Voy7dDBah3ZREiroRiiJ0WcE+oIllMrlth04mITMplpg/8zPcuBVc6Re4Mn0gthUvDBzOOffO3MM4AWdSGcZrJru2vrG5ldvWdvK7e/v6wWFT+lFIoUF97odth0jgTEBDMcWhHYRAPIdDyxneTPTWCELJfHGvxgHYHukL1mOUqJTq6k1cK1ojoPFjUsJPVl2yh7holJIf0gqJ6HPAV/h2SfnP3tULRtmYFl4F5hwU0LzqXf3dcn0aeSAU5UTKjmkEyo5JqBjlkGhWJCEgdEj60EmhIB5IO57un+DTlHFxzw/TIxSesr87YuJJOfac1OkRNZDL2oT8S+tEqndpx0wEkQJBZxf1Io6VjydhYpeFQBUf44WJjrfw3limCw3ATbCmpbmYyymsguZZ2TwvV+4qher1PKEcOkYnqIhMdIGqqIbqqIEoekZv6AN9Zl4yX9n0l8ys2cy85wgtVDb/DXyksnE=</latexit>

H(~x)| (0)(~x)i = E
(0)(~x)| (0)(~x)i

H.F.
NLO:

<latexit sha1_base64="h0EA38UnxwOMshvAdh49dyzYiRk="></latexit>

dE
(0)(~x)

dx1
= h (0)(~x)|

dH(~x)

dx1
| (0)(~x)i

= h (0)(~x)|V (1)
NN | (0)(~x)i|!x=0 = E

(1)
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<latexit sha1_base64="vDZiIonfGJi6YF4zRs+iSlouo3w="></latexit>

V (~x) = V (0)
NN + x1 · V (1)

NN + x2 · V (2)
NN + x3 · V (3)

NN

<latexit sha1_base64="IbZGgHjD6GgS92bpt/hdm5Uy8WI=">AAACUXicbVDLSsNAFL2N79ZH1aWbwSK0m5JIUTdCUQSXFewDmlom09t2cDIJmUmxxHyZn+HKpQs3+gXuTGNB+zgwcDjn3Jm5x/EFV9o03zLGyura+sbmVja3vbO7l98/aCgvDBjWmSe8oOVQhYJLrGuuBbb8AKnrCGw6j9cTvznCQHFP3uuxjx2XDiTvc0Z1InXz9ZuHqGiW4qI9QhY9xSVySWxB5UCgXVN8znwmt3/B5yUBO0hHu/mCWTZTkEViTUkBpqh18x92z2Ohi1IzQZVqW6avOxENNGcC46wdKvQpe6QDbCdUUhdVJ0rXj8lJovRI3wuSIzVJ1f8TEXWVGrtOknSpHqp5byIu89qh7l90Ii79UKNkvw/1Q0G0RyZdkh4PkGkxJjM3Ou7MfyOVLDTEXkyy2aQXa76FRdI4LVtn5cpdpVC9mja0CUdwDEWw4ByqcAs1qAODF3iHT/jKvGa+DTCM36iRmc4cwgyM3A/9BbJB</latexit>

E
(0)(~x) = h (0)(~x)|H(~x)| (0)(~x)i

Can solve exactly for 
<latexit sha1_base64="OZT5Langn+M3EVCTlHf/8hYKwbg=">AAACE3icbVBLTsMwEHX4lvALsGDBxqJCYlUlUAHLCjYsC6IfqQmV40xaq44TxU5FFeUYnIAtnIAdYssBOAD3IGm7oC1PsvT03sx45rkRZ1KZ5re2tLyyurZe2tA3t7Z3do29/aYMk5hCg4Y8jNsukcCZgIZiikM7ioEELoeWO7gp/NYQYslC8aBGETgB6QnmM0pULnWNQ3sINH3KbCawHRDVd930Pns87xpls2KOgReJNSVlNEW9a/zYXkiTAISinEjZscxIOSmJFaMcMt1OJESEDkgPOjkVJADppOMDMnySKx72wzh/QuGx+rcjJYGUo8DNK4sd5bxXiP95nUT5V07KRJQoEHTykZ9wrEJcpIE9FgNVfIRnJrrBzL6pzA/qg5dhXc9zseZTWCTNs4p1UaneVcu162lCJXSEjtEpstAlqqFbVEcNRFGGXtAretOetXftQ/uclC5p054DNAPt6xeR+J3t</latexit>

~x 2 R3

LO:
<latexit sha1_base64="fRRv5w3krMR2c3YrI8Ij9NtmF/0=">AAACUnicfVLLSsNAFJ3WV41Voy7dDBah3ZREiroRiiJ0WcE+oIllMrlth04mITMplpg/8zPcuBVc6Re4Mn0gthUvDBzOOffO3MM4AWdSGcZrJru2vrG5ldvWdvK7e/v6wWFT+lFIoUF97odth0jgTEBDMcWhHYRAPIdDyxneTPTWCELJfHGvxgHYHukL1mOUqJTq6k1cK1ojoPFjUsJPVl2yh7holJIf0gqJ6HPAV/h2SfnP3tULRtmYFl4F5hwU0LzqXf3dcn0aeSAU5UTKjmkEyo5JqBjlkGhWJCEgdEj60EmhIB5IO57un+DTlHFxzw/TIxSesr87YuJJOfac1OkRNZDL2oT8S+tEqndpx0wEkQJBZxf1Io6VjydhYpeFQBUf44WJjrfw3limCw3ATbCmpbmYyymsguZZ2TwvV+4qher1PKEcOkYnqIhMdIGqqIbqqIEoekZv6AN9Zl4yX9n0l8ys2cy85wgtVDb/DXyksnE=</latexit>

H(~x)| (0)(~x)i = E
(0)(~x)| (0)(~x)i

• All corrections are derivatives of 
<latexit sha1_base64="IbZGgHjD6GgS92bpt/hdm5Uy8WI=">AAACUXicbVDLSsNAFL2N79ZH1aWbwSK0m5JIUTdCUQSXFewDmlom09t2cDIJmUmxxHyZn+HKpQs3+gXuTGNB+zgwcDjn3Jm5x/EFV9o03zLGyura+sbmVja3vbO7l98/aCgvDBjWmSe8oOVQhYJLrGuuBbb8AKnrCGw6j9cTvznCQHFP3uuxjx2XDiTvc0Z1InXz9ZuHqGiW4qI9QhY9xSVySWxB5UCgXVN8znwmt3/B5yUBO0hHu/mCWTZTkEViTUkBpqh18x92z2Ohi1IzQZVqW6avOxENNGcC46wdKvQpe6QDbCdUUhdVJ0rXj8lJovRI3wuSIzVJ1f8TEXWVGrtOknSpHqp5byIu89qh7l90Ii79UKNkvw/1Q0G0RyZdkh4PkGkxJjM3Ou7MfyOVLDTEXkyy2aQXa76FRdI4LVtn5cpdpVC9mja0CUdwDEWw4ByqcAs1qAODF3iHT/jKvGa+DTCM36iRmc4cwgyM3A/9BbJB</latexit>

E
(0)(~x) = h (0)(~x)|H(~x)| (0)(~x)i

• Can be computed numerically!

H.F.
NLO:

<latexit sha1_base64="h0EA38UnxwOMshvAdh49dyzYiRk="></latexit>

dE
(0)(~x)

dx1
= h (0)(~x)|

dH(~x)

dx1
| (0)(~x)i

= h (0)(~x)|V (1)
NN | (0)(~x)i|!x=0 = E

(1)
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<latexit sha1_base64="vDZiIonfGJi6YF4zRs+iSlouo3w="></latexit>

V (~x) = V (0)
NN + x1 · V (1)

NN + x2 · V (2)
NN + x3 · V (3)

NN

<latexit sha1_base64="IbZGgHjD6GgS92bpt/hdm5Uy8WI=">AAACUXicbVDLSsNAFL2N79ZH1aWbwSK0m5JIUTdCUQSXFewDmlom09t2cDIJmUmxxHyZn+HKpQs3+gXuTGNB+zgwcDjn3Jm5x/EFV9o03zLGyura+sbmVja3vbO7l98/aCgvDBjWmSe8oOVQhYJLrGuuBbb8AKnrCGw6j9cTvznCQHFP3uuxjx2XDiTvc0Z1InXz9ZuHqGiW4qI9QhY9xSVySWxB5UCgXVN8znwmt3/B5yUBO0hHu/mCWTZTkEViTUkBpqh18x92z2Ohi1IzQZVqW6avOxENNGcC46wdKvQpe6QDbCdUUhdVJ0rXj8lJovRI3wuSIzVJ1f8TEXWVGrtOknSpHqp5byIu89qh7l90Ii79UKNkvw/1Q0G0RyZdkh4PkGkxJjM3Ou7MfyOVLDTEXkyy2aQXa76FRdI4LVtn5cpdpVC9mja0CUdwDEWw4ByqcAs1qAODF3iHT/jKvGa+DTCM36iRmc4cwgyM3A/9BbJB</latexit>

E
(0)(~x) = h (0)(~x)|H(~x)| (0)(~x)i

Can solve exactly for 
<latexit sha1_base64="OZT5Langn+M3EVCTlHf/8hYKwbg=">AAACE3icbVBLTsMwEHX4lvALsGDBxqJCYlUlUAHLCjYsC6IfqQmV40xaq44TxU5FFeUYnIAtnIAdYssBOAD3IGm7oC1PsvT03sx45rkRZ1KZ5re2tLyyurZe2tA3t7Z3do29/aYMk5hCg4Y8jNsukcCZgIZiikM7ioEELoeWO7gp/NYQYslC8aBGETgB6QnmM0pULnWNQ3sINH3KbCawHRDVd930Pns87xpls2KOgReJNSVlNEW9a/zYXkiTAISinEjZscxIOSmJFaMcMt1OJESEDkgPOjkVJADppOMDMnySKx72wzh/QuGx+rcjJYGUo8DNK4sd5bxXiP95nUT5V07KRJQoEHTykZ9wrEJcpIE9FgNVfIRnJrrBzL6pzA/qg5dhXc9zseZTWCTNs4p1UaneVcu162lCJXSEjtEpstAlqqFbVEcNRFGGXtAretOetXftQ/uclC5p054DNAPt6xeR+J3t</latexit>

~x 2 R3

How reliably can the third-order 
derivatives be computed?

LO:
<latexit sha1_base64="fRRv5w3krMR2c3YrI8Ij9NtmF/0=">AAACUnicfVLLSsNAFJ3WV41Voy7dDBah3ZREiroRiiJ0WcE+oIllMrlth04mITMplpg/8zPcuBVc6Re4Mn0gthUvDBzOOffO3MM4AWdSGcZrJru2vrG5ldvWdvK7e/v6wWFT+lFIoUF97odth0jgTEBDMcWhHYRAPIdDyxneTPTWCELJfHGvxgHYHukL1mOUqJTq6k1cK1ojoPFjUsJPVl2yh7holJIf0gqJ6HPAV/h2SfnP3tULRtmYFl4F5hwU0LzqXf3dcn0aeSAU5UTKjmkEyo5JqBjlkGhWJCEgdEj60EmhIB5IO57un+DTlHFxzw/TIxSesr87YuJJOfac1OkRNZDL2oT8S+tEqndpx0wEkQJBZxf1Io6VjydhYpeFQBUf44WJjrfw3limCw3ATbCmpbmYyymsguZZ2TwvV+4qher1PKEcOkYnqIhMdIGqqIbqqIEoekZv6AN9Zl4yX9n0l8ys2cy85wgtVDb/DXyksnE=</latexit>

H(~x)| (0)(~x)i = E
(0)(~x)| (0)(~x)i

• All corrections are derivatives of 
<latexit sha1_base64="IbZGgHjD6GgS92bpt/hdm5Uy8WI=">AAACUXicbVDLSsNAFL2N79ZH1aWbwSK0m5JIUTdCUQSXFewDmlom09t2cDIJmUmxxHyZn+HKpQs3+gXuTGNB+zgwcDjn3Jm5x/EFV9o03zLGyura+sbmVja3vbO7l98/aCgvDBjWmSe8oOVQhYJLrGuuBbb8AKnrCGw6j9cTvznCQHFP3uuxjx2XDiTvc0Z1InXz9ZuHqGiW4qI9QhY9xSVySWxB5UCgXVN8znwmt3/B5yUBO0hHu/mCWTZTkEViTUkBpqh18x92z2Ohi1IzQZVqW6avOxENNGcC46wdKvQpe6QDbCdUUhdVJ0rXj8lJovRI3wuSIzVJ1f8TEXWVGrtOknSpHqp5byIu89qh7l90Ii79UKNkvw/1Q0G0RyZdkh4PkGkxJjM3Ou7MfyOVLDTEXkyy2aQXa76FRdI4LVtn5cpdpVC9mja0CUdwDEWw4ByqcAs1qAODF3iHT/jKvGa+DTCM36iRmc4cwgyM3A/9BbJB</latexit>

E
(0)(~x) = h (0)(~x)|H(~x)| (0)(~x)i

• Can be computed numerically!

H.F.
NLO:

<latexit sha1_base64="h0EA38UnxwOMshvAdh49dyzYiRk="></latexit>

dE
(0)(~x)

dx1
= h (0)(~x)|

dH(~x)

dx1
| (0)(~x)i

= h (0)(~x)|V (1)
NN | (0)(~x)i|!x=0 = E

(1)
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Comparing perturbative calculations: 3H

Λ = 600 MeV, ℏΩ = 35 MeV
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Cutoff dependence: 3H
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Cutoff dependence: 3H
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• Can only converge perturbative 
computations to  MeV.Λ = 1200
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Cutoff dependence: 3H
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• Can only converge perturbative 
computations to  MeV.Λ = 1200
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Cutoff dependence: 3H

600 800 1000 1200

! (MeV)
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• Can only converge perturbative 
computations to  MeV.Λ = 1200

• Problematic regions in the vicinity of 
exceptional cutoff s. 

A. M. Gasparyan and E. Epelbaum, Phys. Rev. C 107, (2023)
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R. Peng et al., Phys. Rev. C 110, (2024)



Summary and Outlook

• Chiral symmetry constrains the nucleon-nucleon interaction: .


• Explored a modified Weinberg power counting up to  for .


• Converged perturbative computations for triton with  MeV — 
we find problematic regions at exceptional cutoffs.


• Study the exceptional cutoffs!


• Quantify uncertainties and study the few-nucleon sector beyond .

χEFT

N3LO 3H

Λ ≤ 1200

3H
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Thank you!

Next:
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LO

N2LO

N3LO

NLO

Non-perturbative one-pion-exchange:
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All other partial waves:
<latexit sha1_base64="OvvhqZkHTTx1Eaubbx9k3QyDiOs=">AAACFnicbZDLSsNAFIYn9VbrLerSTbAILmrJVFGXRUVcRrQXaNMwmU7aoZMLMxOhhD6FG1/FjQtF3Io738ZJmoW2Hpjh4//PYeb8bsSokKb5rRUWFpeWV4qrpbX1jc0tfXunKcKYY9LAIQt520WCMBqQhqSSkXbECfJdRlru6DL1Ww+ECxoG93IcEdtHg4B6FCOpJEc/6h3fOWYlvaHiKwcqtpzErMBJRjWlXju1Sg9aDnT0slk1szLmAeZQBnlZjv7V7Yc49kkgMUNCdKAZSTtBXFLMyKTUjQWJEB6hAekoDJBPhJ1ka02MA6X0DS/k6gTSyNTfEwnyhRj7rur0kRyKWS8V//M6sfTO7YQGUSxJgKcPeTEzZGikGRl9ygmWbKwAYU7VXw08RBxhqZIsqRDg7Mrz0KxV4WkV3p6U6xd5HEWwB/bBIYDgDNTBDbBAA2DwCJ7BK3jTnrQX7V37mLYWtHxmF/wp7fMH54ua1w==</latexit>

3S0,3 S1 ! 3 D1,3 P0,1,3 P2 ! 3 F2,1 P1

Modified Weinberg PC

1 1

4 0

8 5

1 13

−

−

B. Long, C. J. Yang, Phys. Rev. C 84, (2011), 

Phys. Rev. C 85, (2012),   Phys. Rev. C 86, (2012)

<latexit sha1_base64="qRoZgrckqyPZ0frhJYNnG6n5zTM=">AAAB/XicdVDLSsNAFJ3UV42vqks3g0VwFZK06WNXdeOyon1AG8pkMmmHzkxCZiKUUPwCt/oF7sSt3+IH+B+mD8GKHhg4nHPvnXuuFzEqlWl+aLm19Y3Nrfy2vrO7t39QODxqyzCJMWnhkIVx10OSMCpIS1HFSDeKCeIeIx1vfDXzO/ckljQUd2oSEZejoaABxUhl0u1wcDEoFE3Ddkr1ShWahlN3qpaTEbtWqts2tAxzjiJYojkofPb9ECecCIUZkrJnmZFyUxQrihmZ6v1EkgjhMRqSXkYF4kS66XzVKTzLFB8GYZw9oeBc/dmRIi7lhHtZJUdqJH97M/Evr5eooOamVESJIgIvPgoSBlUIZ7mhT2OCFZvAlYkeX9k3lVmgEfGnUNezu3yHh/+Ttm1YFaN8Uy42LpcXyoMTcArOgQWqoAGuQRO0AAZD8AiewLP2oL1or9rbojSnLXuOwQq09y+lO5VT</latexit>gA

<latexit sha1_base64="qRoZgrckqyPZ0frhJYNnG6n5zTM=">AAAB/XicdVDLSsNAFJ3UV42vqks3g0VwFZK06WNXdeOyon1AG8pkMmmHzkxCZiKUUPwCt/oF7sSt3+IH+B+mD8GKHhg4nHPvnXuuFzEqlWl+aLm19Y3Nrfy2vrO7t39QODxqyzCJMWnhkIVx10OSMCpIS1HFSDeKCeIeIx1vfDXzO/ckljQUd2oSEZejoaABxUhl0u1wcDEoFE3Ddkr1ShWahlN3qpaTEbtWqts2tAxzjiJYojkofPb9ECecCIUZkrJnmZFyUxQrihmZ6v1EkgjhMRqSXkYF4kS66XzVKTzLFB8GYZw9oeBc/dmRIi7lhHtZJUdqJH97M/Evr5eooOamVESJIgIvPgoSBlUIZ7mhT2OCFZvAlYkeX9k3lVmgEfGnUNezu3yHh/+Ttm1YFaN8Uy42LpcXyoMTcArOgQWqoAGuQRO0AAZD8AiewLP2oL1or9rbojSnLXuOwQq09y+lO5VT</latexit>gA

<latexit sha1_base64="XdF8Z8YZUPwvZaafL/GB7sJIfHo="></latexit>

C1 S0 , C3 S1 , C3 P0 , C3 P2

<latexit sha1_base64="R/7Cen36ewzZ9H4wwgyicLPiWzs=">AAACA3icdVDLSgMxFM3UVx1fVZdugkVwNcxMSzvdFXXhsqJ9SDuWTJq2oUlmmGSEMnTpF7jVL3Anbv0QP8D/MH0IVvRA4HDOvTf33CBiVCrb/jAyK6tr6xvZTXNre2d3L7d/0JBhEmNSxyEL41aAJGFUkLqiipFWFBPEA0aaweh86jfvSSxpKG7UOCI+RwNB+xQjpaXbi25651x37Uk3l7ct1yuUSyWoiet6rqdJpeIVvAJ0LHuGPFig1s19dnohTjgRCjMkZduxI+WnKFYUMzIxO4kkEcIjNCBtTQXiRPrpbOEJPNFKD/bDWD+h4Ez92ZEiLuWYB7qSIzWUv72p+JfXTlTf81MqokQRgecf9RMGVQin6WGPxgQrNoZLEwO+tG8qdaAh6U2gaeq7fIeH/5OGazklq3hVzFfPFhfKgiNwDE6BA8qgCi5BDdQBBhw8gifwbDwYL8ar8TYvzRiLnkOwBOP9C8z0l5o=</latexit>

D 1 S0

<latexit sha1_base64="cdQoCzKbCKd7CZMzGLENETKzHVI="></latexit>

E1 S0 , D 3 S1 , D 3 S1 ! 3 D 1 , D 1 P1 ,

D 3 P1 , E3 P0 , E3 P2 , E3 P2 ! 3 F2

<latexit sha1_base64="oXLJm7lz7Tc9tO4Fw/xpYQQPNvA=">AAACA3icdVDLSsNAFJ34rPFVdelmsAguSkjaNOmy6MZlBfuQNpTJZNoOnUlCZiKUkKVf4Fa/wJ249UP8AP/D6UOwogcGDufce+ee68eMCmmaH9ra+sbm1nZhR9/d2z84LB4dt0WUJpi0cMSipOsjQRgNSUtSyUg3TgjiPiMdf3I18zv3JBE0Cm/lNCYeR6OQDilGUkl3eJBZ5WrZzgfFkmnU3Jrt2tA0KqbjOJYitbrrVqrQMsw5SmCJ5qD42Q8inHISSsyQED3LjKWXoURSzEiu91NBYoQnaER6ioaIE+Fl84VzeK6UAA6jRL1Qwrn6syNDXIgp91UlR3Isfnsz8S+vl8ph3ctoGKeShHjx0TBlUEZwlh4GNCFYsilcmejzlX0zoQKNSZBDXVd3+Q4P/yftimE5hn1jlxqXywsVwCk4AxfAAi5ogGvQBC2AAQeP4Ak8aw/ai/aqvS1K17RlzwlYgfb+BSAFly0=</latexit>c1,3,4
<latexit sha1_base64="IUQp/bteXmc6EPfOuzUiEvlwdrc=">AAACA3icdVDLSsNAFJ3UV42vqks3g0VwFZKaJl0WBXFZ0bZKG8NkMmmHziQhMxFKyNIvcKtf4E7c+iF+gP9h+hCs6IGBwzn33rnnejGjQur6h1JaWl5ZXSuvqxubW9s7ld29jojSBJM2jliU3HhIEEZD0pZUMnITJwRxj5GuNzqb+N17kggahddyHBOHo0FIA4qRLKTbcze7M65cPXcrVV2r23XTNqGu1XTLsoyC1Bu2XTuBhqZPUQVztNzKZ9+PcMpJKDFDQvQMPZZOhhJJMSO52k8FiREeoQHpFTREnAgnmy6cw6NC8WEQJcULJZyqPzsyxIUYc6+o5EgOxW9vIv7l9VIZNJyMhnEqSYhnHwUpgzKCk/TQpwnBko3hwkSPL+ybiSLQkPg5VNXiLt/h4f+kU9MMSzMvzWrzdH6hMjgAh+AYGMAGTXABWqANMODgETyBZ+VBeVFelbdZaUmZ9+yDBSjvX7/Ql5E=</latexit>

F1 S0

4∑

6∑

19∑

33∑
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LO

N2LO

N3LO

NLO
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All other partial waves:
<latexit sha1_base64="OvvhqZkHTTx1Eaubbx9k3QyDiOs=">AAACFnicbZDLSsNAFIYn9VbrLerSTbAILmrJVFGXRUVcRrQXaNMwmU7aoZMLMxOhhD6FG1/FjQtF3Io738ZJmoW2Hpjh4//PYeb8bsSokKb5rRUWFpeWV4qrpbX1jc0tfXunKcKYY9LAIQt520WCMBqQhqSSkXbECfJdRlru6DL1Ww+ECxoG93IcEdtHg4B6FCOpJEc/6h3fOWYlvaHiKwcqtpzErMBJRjWlXju1Sg9aDnT0slk1szLmAeZQBnlZjv7V7Yc49kkgMUNCdKAZSTtBXFLMyKTUjQWJEB6hAekoDJBPhJ1ka02MA6X0DS/k6gTSyNTfEwnyhRj7rur0kRyKWS8V//M6sfTO7YQGUSxJgKcPeTEzZGikGRl9ygmWbKwAYU7VXw08RBxhqZIsqRDg7Mrz0KxV4WkV3p6U6xd5HEWwB/bBIYDgDNTBDbBAA2DwCJ7BK3jTnrQX7V37mLYWtHxmF/wp7fMH54ua1w==</latexit>

3S0,3 S1 ! 3 D1,3 P0,1,3 P2 ! 3 F2,1 P1

?

Modified Weinberg PC

1 1

4 0

8 5

1 13

−

−

B. Long, C. J. Yang, Phys. Rev. C 84, (2011), 

Phys. Rev. C 85, (2012),   Phys. Rev. C 86, (2012)

<latexit sha1_base64="qRoZgrckqyPZ0frhJYNnG6n5zTM=">AAAB/XicdVDLSsNAFJ3UV42vqks3g0VwFZK06WNXdeOyon1AG8pkMmmHzkxCZiKUUPwCt/oF7sSt3+IH+B+mD8GKHhg4nHPvnXuuFzEqlWl+aLm19Y3Nrfy2vrO7t39QODxqyzCJMWnhkIVx10OSMCpIS1HFSDeKCeIeIx1vfDXzO/ckljQUd2oSEZejoaABxUhl0u1wcDEoFE3Ddkr1ShWahlN3qpaTEbtWqts2tAxzjiJYojkofPb9ECecCIUZkrJnmZFyUxQrihmZ6v1EkgjhMRqSXkYF4kS66XzVKTzLFB8GYZw9oeBc/dmRIi7lhHtZJUdqJH97M/Evr5eooOamVESJIgIvPgoSBlUIZ7mhT2OCFZvAlYkeX9k3lVmgEfGnUNezu3yHh/+Ttm1YFaN8Uy42LpcXyoMTcArOgQWqoAGuQRO0AAZD8AiewLP2oL1or9rbojSnLXuOwQq09y+lO5VT</latexit>gA

<latexit sha1_base64="qRoZgrckqyPZ0frhJYNnG6n5zTM=">AAAB/XicdVDLSsNAFJ3UV42vqks3g0VwFZK06WNXdeOyon1AG8pkMmmHzkxCZiKUUPwCt/oF7sSt3+IH+B+mD8GKHhg4nHPvnXuuFzEqlWl+aLm19Y3Nrfy2vrO7t39QODxqyzCJMWnhkIVx10OSMCpIS1HFSDeKCeIeIx1vfDXzO/ckljQUd2oSEZejoaABxUhl0u1wcDEoFE3Ddkr1ShWahlN3qpaTEbtWqts2tAxzjiJYojkofPb9ECecCIUZkrJnmZFyUxQrihmZ6v1EkgjhMRqSXkYF4kS66XzVKTzLFB8GYZw9oeBc/dmRIi7lhHtZJUdqJH97M/Evr5eooOamVESJIgIvPgoSBlUIZ7mhT2OCFZvAlYkeX9k3lVmgEfGnUNezu3yHh/+Ttm1YFaN8Uy42LpcXyoMTcArOgQWqoAGuQRO0AAZD8AiewLP2oL1or9rbojSnLXuOwQq09y+lO5VT</latexit>gA

<latexit sha1_base64="XdF8Z8YZUPwvZaafL/GB7sJIfHo="></latexit>

C1 S0 , C3 S1 , C3 P0 , C3 P2

<latexit sha1_base64="R/7Cen36ewzZ9H4wwgyicLPiWzs=">AAACA3icdVDLSgMxFM3UVx1fVZdugkVwNcxMSzvdFXXhsqJ9SDuWTJq2oUlmmGSEMnTpF7jVL3Anbv0QP8D/MH0IVvRA4HDOvTf33CBiVCrb/jAyK6tr6xvZTXNre2d3L7d/0JBhEmNSxyEL41aAJGFUkLqiipFWFBPEA0aaweh86jfvSSxpKG7UOCI+RwNB+xQjpaXbi25651x37Uk3l7ct1yuUSyWoiet6rqdJpeIVvAJ0LHuGPFig1s19dnohTjgRCjMkZduxI+WnKFYUMzIxO4kkEcIjNCBtTQXiRPrpbOEJPNFKD/bDWD+h4Ez92ZEiLuWYB7qSIzWUv72p+JfXTlTf81MqokQRgecf9RMGVQin6WGPxgQrNoZLEwO+tG8qdaAh6U2gaeq7fIeH/5OGazklq3hVzFfPFhfKgiNwDE6BA8qgCi5BDdQBBhw8gifwbDwYL8ar8TYvzRiLnkOwBOP9C8z0l5o=</latexit>

D 1 S0

<latexit sha1_base64="cdQoCzKbCKd7CZMzGLENETKzHVI="></latexit>

E1 S0 , D 3 S1 , D 3 S1 ! 3 D 1 , D 1 P1 ,

D 3 P1 , E3 P0 , E3 P2 , E3 P2 ! 3 F2

<latexit sha1_base64="oXLJm7lz7Tc9tO4Fw/xpYQQPNvA=">AAACA3icdVDLSsNAFJ34rPFVdelmsAguSkjaNOmy6MZlBfuQNpTJZNoOnUlCZiKUkKVf4Fa/wJ249UP8AP/D6UOwogcGDufce+ee68eMCmmaH9ra+sbm1nZhR9/d2z84LB4dt0WUJpi0cMSipOsjQRgNSUtSyUg3TgjiPiMdf3I18zv3JBE0Cm/lNCYeR6OQDilGUkl3eJBZ5WrZzgfFkmnU3Jrt2tA0KqbjOJYitbrrVqrQMsw5SmCJ5qD42Q8inHISSsyQED3LjKWXoURSzEiu91NBYoQnaER6ioaIE+Fl84VzeK6UAA6jRL1Qwrn6syNDXIgp91UlR3Isfnsz8S+vl8ph3ctoGKeShHjx0TBlUEZwlh4GNCFYsilcmejzlX0zoQKNSZBDXVd3+Q4P/yftimE5hn1jlxqXywsVwCk4AxfAAi5ogGvQBC2AAQeP4Ak8aw/ai/aqvS1K17RlzwlYgfb+BSAFly0=</latexit>c1,3,4
<latexit sha1_base64="IUQp/bteXmc6EPfOuzUiEvlwdrc=">AAACA3icdVDLSsNAFJ3UV42vqks3g0VwFZKaJl0WBXFZ0bZKG8NkMmmHziQhMxFKyNIvcKtf4E7c+iF+gP9h+hCs6IGBwzn33rnnejGjQur6h1JaWl5ZXSuvqxubW9s7ld29jojSBJM2jliU3HhIEEZD0pZUMnITJwRxj5GuNzqb+N17kggahddyHBOHo0FIA4qRLKTbcze7M65cPXcrVV2r23XTNqGu1XTLsoyC1Bu2XTuBhqZPUQVztNzKZ9+PcMpJKDFDQvQMPZZOhhJJMSO52k8FiREeoQHpFTREnAgnmy6cw6NC8WEQJcULJZyqPzsyxIUYc6+o5EgOxW9vIv7l9VIZNJyMhnEqSYhnHwUpgzKCk/TQpwnBko3hwkSPL+ybiSLQkPg5VNXiLt/h4f+kU9MMSzMvzWrzdH6hMjgAh+AYGMAGTXABWqANMODgETyBZ+VBeVFelbdZaUmZ9+yDBSjvX7/Ql5E=</latexit>

F1 S0

4∑

6∑

19∑

33∑
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<latexit sha1_base64="MA+hhS+JyTWKvdzZ3t69cSY6zDA=">AAACJnicbVDLSsNAFJ3UV42vqEs3g0WoCiWpRd0IRTcuK/QFbSyTybQdOpOEzEQoIf/gZ/gFbvUL3Im4c+N/OEmzsNULwz2cc8/M3OMEjAppmp9aYWl5ZXWtuK5vbG5t7xi7e23hRyEmLewzP+w6SBBGPdKSVDLSDUKCuMNIx5ncpHrngYSC+l5TTgNiczTy6JBiJBU1ME6a8Ao27+OyeZycZsBSIO3VvJ+p3nd9KQZGyayYWcG/wMpBCeTVGBjfyocjTjyJGRKiZ5mBtGMUSooZSfR+JEiA8ASNSE9BD3Ei7DjbKYFHinHh0A/V8STM2N+OGHEhptxRkxzJsVjUUvI/rRfJ4aUdUy+IJPHw7KFhxKD0YRoQdGlIsGRTOHejw+f+Gwu10Ji4CdR1lYu1mMJf0K5WrPNK7a5Wql/nCRXBATgEZWCBC1AHt6ABWgCDR/AMXsCr9qS9ae/ax2y0oOWefTBX2tcPQUOiDg==</latexit>

T = T(0) + T(1) + T(2) + T(3) + . . .

<latexit sha1_base64="Rs3J31jFntzgE0WGj7eGxRUrinw=">AAACHXicbVC7TsMwFHXKq4RXgJHFUCG1S5WUCpiqChbGIvUltaFyHLe1ajtR7CBVUWY+gy9ghS9gQ6yID+A/SNoMtOVI1j06517b9zg+o1KZ5reWW1vf2NzKb+s7u3v7B8bhUVt6YYBJC3vMC7oOkoRRQVqKKka6fkAQdxjpOJPb1O88kkBSTzTV1Cc2RyNBhxQjlUgD47T5EBXNUgxrMGVWKa6ltZLVi1I8MApm2ZwBrhIrIwWQoTEwfvquh0NOhMIMSdmzTF/ZEQoUxYzEej+UxEd4gkakl1CBOJF2NFslhueJ4sKhFyRHKDhT/05EiEs55U7SyZEay2UvFf/zeqEaXtsRFX6oiMDzh4Yhg8qDaS7QpQHBik3hwo0OX/hvJJOFxsSNoa4nuVjLKaySdqVsXZar99VC/SZLKA9OwBkoAgtcgTq4Aw3QAhg8gRfwCt60Z+1d+9A+5605LZs5BgvQvn4BR/ue+w==</latexit>

T (0) > T (1) > T (2) > T (3)

•Compute NN scattering amplitudes 
perturbatively:

•Match to empirical phase shifts 
to fix LECs.
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LO

NLO

N2LO

N3LO

— Start —

<latexit sha1_base64="MA+hhS+JyTWKvdzZ3t69cSY6zDA=">AAACJnicbVDLSsNAFJ3UV42vqEs3g0WoCiWpRd0IRTcuK/QFbSyTybQdOpOEzEQoIf/gZ/gFbvUL3Im4c+N/OEmzsNULwz2cc8/M3OMEjAppmp9aYWl5ZXWtuK5vbG5t7xi7e23hRyEmLewzP+w6SBBGPdKSVDLSDUKCuMNIx5ncpHrngYSC+l5TTgNiczTy6JBiJBU1ME6a8Ao27+OyeZycZsBSIO3VvJ+p3nd9KQZGyayYWcG/wMpBCeTVGBjfyocjTjyJGRKiZ5mBtGMUSooZSfR+JEiA8ASNSE9BD3Ei7DjbKYFHinHh0A/V8STM2N+OGHEhptxRkxzJsVjUUvI/rRfJ4aUdUy+IJPHw7KFhxKD0YRoQdGlIsGRTOHejw+f+Gwu10Ji4CdR1lYu1mMJf0K5WrPNK7a5Wql/nCRXBATgEZWCBC1AHt6ABWgCDR/AMXsCr9qS9ae/ax2y0oOWefTBX2tcPQUOiDg==</latexit>

T = T(0) + T(1) + T(2) + T(3) + . . .

<latexit sha1_base64="Rs3J31jFntzgE0WGj7eGxRUrinw=">AAACHXicbVC7TsMwFHXKq4RXgJHFUCG1S5WUCpiqChbGIvUltaFyHLe1ajtR7CBVUWY+gy9ghS9gQ6yID+A/SNoMtOVI1j06517b9zg+o1KZ5reWW1vf2NzKb+s7u3v7B8bhUVt6YYBJC3vMC7oOkoRRQVqKKka6fkAQdxjpOJPb1O88kkBSTzTV1Cc2RyNBhxQjlUgD47T5EBXNUgxrMGVWKa6ltZLVi1I8MApm2ZwBrhIrIwWQoTEwfvquh0NOhMIMSdmzTF/ZEQoUxYzEej+UxEd4gkakl1CBOJF2NFslhueJ4sKhFyRHKDhT/05EiEs55U7SyZEay2UvFf/zeqEaXtsRFX6oiMDzh4Yhg8qDaS7QpQHBik3hwo0OX/hvJJOFxsSNoa4nuVjLKaySdqVsXZar99VC/SZLKA9OwBkoAgtcgTq4Aw3QAhg8gRfwCt60Z+1d+9A+5605LZs5BgvQvn4BR/ue+w==</latexit>

T (0) > T (1) > T (2) > T (3)

•Compute NN scattering amplitudes 
perturbatively:

•Match to empirical phase shifts 
to fix LECs.
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LO

NLO

N2LO

N3LO

— Start —

LO

NLO

N2LO

N3LO

— Start —

<latexit sha1_base64="MA+hhS+JyTWKvdzZ3t69cSY6zDA=">AAACJnicbVDLSsNAFJ3UV42vqEs3g0WoCiWpRd0IRTcuK/QFbSyTybQdOpOEzEQoIf/gZ/gFbvUL3Im4c+N/OEmzsNULwz2cc8/M3OMEjAppmp9aYWl5ZXWtuK5vbG5t7xi7e23hRyEmLewzP+w6SBBGPdKSVDLSDUKCuMNIx5ncpHrngYSC+l5TTgNiczTy6JBiJBU1ME6a8Ao27+OyeZycZsBSIO3VvJ+p3nd9KQZGyayYWcG/wMpBCeTVGBjfyocjTjyJGRKiZ5mBtGMUSooZSfR+JEiA8ASNSE9BD3Ei7DjbKYFHinHh0A/V8STM2N+OGHEhptxRkxzJsVjUUvI/rRfJ4aUdUy+IJPHw7KFhxKD0YRoQdGlIsGRTOHejw+f+Gwu10Ji4CdR1lYu1mMJf0K5WrPNK7a5Wql/nCRXBATgEZWCBC1AHt6ABWgCDR/AMXsCr9qS9ae/ax2y0oOWefTBX2tcPQUOiDg==</latexit>

T = T(0) + T(1) + T(2) + T(3) + . . .

<latexit sha1_base64="Rs3J31jFntzgE0WGj7eGxRUrinw=">AAACHXicbVC7TsMwFHXKq4RXgJHFUCG1S5WUCpiqChbGIvUltaFyHLe1ajtR7CBVUWY+gy9ghS9gQ6yID+A/SNoMtOVI1j06517b9zg+o1KZ5reWW1vf2NzKb+s7u3v7B8bhUVt6YYBJC3vMC7oOkoRRQVqKKka6fkAQdxjpOJPb1O88kkBSTzTV1Cc2RyNBhxQjlUgD47T5EBXNUgxrMGVWKa6ltZLVi1I8MApm2ZwBrhIrIwWQoTEwfvquh0NOhMIMSdmzTF/ZEQoUxYzEej+UxEd4gkakl1CBOJF2NFslhueJ4sKhFyRHKDhT/05EiEs55U7SyZEay2UvFf/zeqEaXtsRFX6oiMDzh4Yhg8qDaS7QpQHBik3hwo0OX/hvJJOFxsSNoa4nuVjLKaySdqVsXZar99VC/SZLKA9OwBkoAgtcgTq4Aw3QAhg8gRfwCt60Z+1d+9A+5605LZs5BgvQvn4BR/ue+w==</latexit>

T (0) > T (1) > T (2) > T (3)

•Compute NN scattering amplitudes 
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•Match to empirical phase shifts 
to fix LECs.
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(LO) is very important!
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T (0) > T (1) > T (2) > T (3)

•Compute NN scattering amplitudes 
perturbatively:

•Match to empirical phase shifts 
to fix LECs.



Perturbation theory for amplitudes
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Low-energy theorems: 1S0
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LO NLO N2LO N3LO Nijm.

Predicted effective range parameters (LETs)Phase shifts in 1S0

• Leading CIB (pion mass splitting) in the one-pion exchange 
is significant in .


✓Both phase shift and LETs are accurate.

1S0

OT,  Few-Body Syst. 65, 69 (2024)



Low-energy theorems: 3S1
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Predicted effective range parameters (LETs)Phase shifts in — 3S1
3D1

• CIB in one-pion exchange is not significant in .


• Cutoff independence for  MeV.


✓Both phase shift and LETs are accurate, and improved for 
high cutoffs.

3S1

Λ ≳ 750

OT,  Few-Body Syst. 65, 69 (2024)



• Diagonalize                                           in basis:

• Three-particle antisymmetrizer

25

1

2

3

• Keep only states with eigenvalue one!

, Jπ =
1
2

+
T =

1
2

No-core shell model (NCSM) for 3H



Limitations of the HO basis
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• Basis characterized by 


•  — number of basis states


•     — shape of basis states

(ℏΩ, Nmax)

Nmax

ℏΩ

• IR scale 

• UV scale 



Limitations of the HO basis
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• Basis characterized by 


•  — number of basis states


•     — shape of basis states

(ℏΩ, Nmax)

Nmax

ℏΩ

• IR scale Only way to converge in both 
is to increase !Nmax• UV scale 



Convergence: 3H
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