
Oliver Thim | Theoretical Subatomic Physics | Chalmers University of Technology

Perturbative Computations of Neutron-Proton 
Scattering Observables up to  using EFTN3LO χ

The nuclear interaction: post-modern developments,

ECT*, Trento 2024

Swedish 
Research 
Council



The atomic nucleus

2

<latexit sha1_base64="76O1+n+NDwQSv1k8M2DmELzmLuI=">AAACJ3icbVDLSgNBEJyNr/he9eDBy2AQvBh2xddR9OIxgolCNobZSScZMrO7zPSKYdmv8STot3gTPfoZ3pw8DsZY0FBUddPdFSZSGPS8T6cwMzs3v1BcXFpeWV1bdzc2ayZONYcqj2Ws70JmQIoIqihQwl2igalQwm3Yuxz4tw+gjYijG+wn0FCsE4m24Ayt1HS3AyMU9b377MA/zmmA8IgZVXnTLXllbwg6TfwxKZExKk33O2jFPFUQIZfMmLrvJdjImEbBJeRLQWogYbzHOlC3NGIKTCMbPpDTPau0aDvWtiKkQ/X3RMaUMX0V2k7FsGv+egPxP6+eYvuskYkoSREiPlrUTiXFmA7SoC2hgaPsW8K4FvZWyrtMM442s4ktoWY9wHxSUzm1sFn5f5OZJrXDsn9SPro+Kp1fjFMrkh2yS/aJT07JObkiFVIlnOTkibyQV+fZeXPenY9Ra8EZz2yRCThfP9l/pQU=</latexit>

⇠ 10�15 m



The atomic nucleus

2

<latexit sha1_base64="76O1+n+NDwQSv1k8M2DmELzmLuI=">AAACJ3icbVDLSgNBEJyNr/he9eDBy2AQvBh2xddR9OIxgolCNobZSScZMrO7zPSKYdmv8STot3gTPfoZ3pw8DsZY0FBUddPdFSZSGPS8T6cwMzs3v1BcXFpeWV1bdzc2ayZONYcqj2Ws70JmQIoIqihQwl2igalQwm3Yuxz4tw+gjYijG+wn0FCsE4m24Ayt1HS3AyMU9b377MA/zmmA8IgZVXnTLXllbwg6TfwxKZExKk33O2jFPFUQIZfMmLrvJdjImEbBJeRLQWogYbzHOlC3NGIKTCMbPpDTPau0aDvWtiKkQ/X3RMaUMX0V2k7FsGv+egPxP6+eYvuskYkoSREiPlrUTiXFmA7SoC2hgaPsW8K4FvZWyrtMM442s4ktoWY9wHxSUzm1sFn5f5OZJrXDsn9SPro+Kp1fjFMrkh2yS/aJT07JObkiFVIlnOTkibyQV+fZeXPenY9Ra8EZz2yRCThfP9l/pQU=</latexit>

⇠ 10�15 m

<latexit sha1_base64="9UIXuAIXHeBJmn2M0AEW6mihUUU=">AAACJXicbVDLSgNBEJyNrxhfUfHkZTAInsKuBPUY9OIxgnlAEsPspJMMmdldZnrFsOzHeBL0W7yJ4Mnv8ObkcTCJBQ1FVTfVlB9JYdB1v5zMyura+kZ2M7e1vbO7l98/qJkw1hyqPJShbvjMgBQBVFGghEakgSlfQt0f3oz9+iNoI8LgHkcRtBXrB6InOEMrdfJHLSMU9dyHpJTSFsITJlSlnXzBLboT0GXizUiBzFDp5H9a3ZDHCgLkkhnT9NwI2wnTKLiENNeKDUSMD1kfmpYGTIFpJ5P3U3pqlS7thdpOgHSi/r1ImDJmpHy7qRgOzKI3Fv/zmjH2rtqJCKIYIeDToF4sKYZ03AXtCg0c5cgSxrWwv1I+YJpxtI3NpfiaDQHTeU2l1MJ25S02s0xq50Xvoli6KxXK17PWsuSYnJAz4pFLUia3pEKqhJOEPJNX8ua8OO/Oh/M5Xc04s5tDMgfn+xflt6SS</latexit>

⇠ 104 m



The atomic nucleus

2

<latexit sha1_base64="76O1+n+NDwQSv1k8M2DmELzmLuI=">AAACJ3icbVDLSgNBEJyNr/he9eDBy2AQvBh2xddR9OIxgolCNobZSScZMrO7zPSKYdmv8STot3gTPfoZ3pw8DsZY0FBUddPdFSZSGPS8T6cwMzs3v1BcXFpeWV1bdzc2ayZONYcqj2Ws70JmQIoIqihQwl2igalQwm3Yuxz4tw+gjYijG+wn0FCsE4m24Ayt1HS3AyMU9b377MA/zmmA8IgZVXnTLXllbwg6TfwxKZExKk33O2jFPFUQIZfMmLrvJdjImEbBJeRLQWogYbzHOlC3NGIKTCMbPpDTPau0aDvWtiKkQ/X3RMaUMX0V2k7FsGv+egPxP6+eYvuskYkoSREiPlrUTiXFmA7SoC2hgaPsW8K4FvZWyrtMM442s4ktoWY9wHxSUzm1sFn5f5OZJrXDsn9SPro+Kp1fjFMrkh2yS/aJT07JObkiFVIlnOTkibyQV+fZeXPenY9Ra8EZz2yRCThfP9l/pQU=</latexit>

⇠ 10�15 m

<latexit sha1_base64="9UIXuAIXHeBJmn2M0AEW6mihUUU=">AAACJXicbVDLSgNBEJyNrxhfUfHkZTAInsKuBPUY9OIxgnlAEsPspJMMmdldZnrFsOzHeBL0W7yJ4Mnv8ObkcTCJBQ1FVTfVlB9JYdB1v5zMyura+kZ2M7e1vbO7l98/qJkw1hyqPJShbvjMgBQBVFGghEakgSlfQt0f3oz9+iNoI8LgHkcRtBXrB6InOEMrdfJHLSMU9dyHpJTSFsITJlSlnXzBLboT0GXizUiBzFDp5H9a3ZDHCgLkkhnT9NwI2wnTKLiENNeKDUSMD1kfmpYGTIFpJ5P3U3pqlS7thdpOgHSi/r1ImDJmpHy7qRgOzKI3Fv/zmjH2rtqJCKIYIeDToF4sKYZ03AXtCg0c5cgSxrWwv1I+YJpxtI3NpfiaDQHTeU2l1MJ25S02s0xq50Xvoli6KxXK17PWsuSYnJAz4pFLUia3pEKqhJOEPJNX8ua8OO/Oh/M5Xc04s5tDMgfn+xflt6SS</latexit>

⇠ 104 m



The atomic nucleus

2

<latexit sha1_base64="76O1+n+NDwQSv1k8M2DmELzmLuI=">AAACJ3icbVDLSgNBEJyNr/he9eDBy2AQvBh2xddR9OIxgolCNobZSScZMrO7zPSKYdmv8STot3gTPfoZ3pw8DsZY0FBUddPdFSZSGPS8T6cwMzs3v1BcXFpeWV1bdzc2ayZONYcqj2Ws70JmQIoIqihQwl2igalQwm3Yuxz4tw+gjYijG+wn0FCsE4m24Ayt1HS3AyMU9b377MA/zmmA8IgZVXnTLXllbwg6TfwxKZExKk33O2jFPFUQIZfMmLrvJdjImEbBJeRLQWogYbzHOlC3NGIKTCMbPpDTPau0aDvWtiKkQ/X3RMaUMX0V2k7FsGv+egPxP6+eYvuskYkoSREiPlrUTiXFmA7SoC2hgaPsW8K4FvZWyrtMM442s4ktoWY9wHxSUzm1sFn5f5OZJrXDsn9SPro+Kp1fjFMrkh2yS/aJT07JObkiFVIlnOTkibyQV+fZeXPenY9Ra8EZz2yRCThfP9l/pQU=</latexit>

⇠ 10�15 m

<latexit sha1_base64="9UIXuAIXHeBJmn2M0AEW6mihUUU=">AAACJXicbVDLSgNBEJyNrxhfUfHkZTAInsKuBPUY9OIxgnlAEsPspJMMmdldZnrFsOzHeBL0W7yJ4Mnv8ObkcTCJBQ1FVTfVlB9JYdB1v5zMyura+kZ2M7e1vbO7l98/qJkw1hyqPJShbvjMgBQBVFGghEakgSlfQt0f3oz9+iNoI8LgHkcRtBXrB6InOEMrdfJHLSMU9dyHpJTSFsITJlSlnXzBLboT0GXizUiBzFDp5H9a3ZDHCgLkkhnT9NwI2wnTKLiENNeKDUSMD1kfmpYGTIFpJ5P3U3pqlS7thdpOgHSi/r1ImDJmpHy7qRgOzKI3Fv/zmjH2rtqJCKIYIeDToF4sKYZ03AXtCg0c5cgSxrWwv1I+YJpxtI3NpfiaDQHTeU2l1MJ25S02s0xq50Xvoli6KxXK17PWsuSYnJAz4pFLUia3pEKqhJOEPJNX8ua8OO/Oh/M5Xc04s5tDMgfn+xflt6SS</latexit>

⇠ 104 m



The atomic nucleus

2

<latexit sha1_base64="76O1+n+NDwQSv1k8M2DmELzmLuI=">AAACJ3icbVDLSgNBEJyNr/he9eDBy2AQvBh2xddR9OIxgolCNobZSScZMrO7zPSKYdmv8STot3gTPfoZ3pw8DsZY0FBUddPdFSZSGPS8T6cwMzs3v1BcXFpeWV1bdzc2ayZONYcqj2Ws70JmQIoIqihQwl2igalQwm3Yuxz4tw+gjYijG+wn0FCsE4m24Ayt1HS3AyMU9b377MA/zmmA8IgZVXnTLXllbwg6TfwxKZExKk33O2jFPFUQIZfMmLrvJdjImEbBJeRLQWogYbzHOlC3NGIKTCMbPpDTPau0aDvWtiKkQ/X3RMaUMX0V2k7FsGv+egPxP6+eYvuskYkoSREiPlrUTiXFmA7SoC2hgaPsW8K4FvZWyrtMM442s4ktoWY9wHxSUzm1sFn5f5OZJrXDsn9SPro+Kp1fjFMrkh2yS/aJT07JObkiFVIlnOTkibyQV+fZeXPenY9Ra8EZz2yRCThfP9l/pQU=</latexit>

⇠ 10�15 m

<latexit sha1_base64="9UIXuAIXHeBJmn2M0AEW6mihUUU=">AAACJXicbVDLSgNBEJyNrxhfUfHkZTAInsKuBPUY9OIxgnlAEsPspJMMmdldZnrFsOzHeBL0W7yJ4Mnv8ObkcTCJBQ1FVTfVlB9JYdB1v5zMyura+kZ2M7e1vbO7l98/qJkw1hyqPJShbvjMgBQBVFGghEakgSlfQt0f3oz9+iNoI8LgHkcRtBXrB6InOEMrdfJHLSMU9dyHpJTSFsITJlSlnXzBLboT0GXizUiBzFDp5H9a3ZDHCgLkkhnT9NwI2wnTKLiENNeKDUSMD1kfmpYGTIFpJ5P3U3pqlS7thdpOgHSi/r1ImDJmpHy7qRgOzKI3Fv/zmjH2rtqJCKIYIeDToF4sKYZ03AXtCg0c5cgSxrWwv1I+YJpxtI3NpfiaDQHTeU2l1MJ25S02s0xq50Xvoli6KxXK17PWsuSYnJAz4pFLUia3pEKqhJOEPJNX8ua8OO/Oh/M5Xc04s5tDMgfn+xflt6SS</latexit>

⇠ 104 m

<latexit sha1_base64="6Do3/U9ovGx8Lzz20Y2jY1mu2cc=">AAACKXicbZDLSgMxFIYzXmu9jboSN8EiuCozUtSNUBShywr2Ap2hZNJMG5pkhiQjlGHwaVwJ+izu1K1P4c60HdC2/hD4859zOMkXxIwq7Tgf1tLyyuraemGjuLm1vbNr7+03VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGN+N664FIRSNxr0cx8TnqCxpSjLSJuvZhzRsSnXqxohm8gre/t65dcsrORHDRuLkpgVz1rv3t9SKccCI0ZkipjuvE2k+R1BQzkhW9RJEY4SHqk46xAnGi/HTyhQyemKQHw0iaIzScpH8nUsSVGvHAdHKkB2q+Ng7/q3USHV76KRVxoonA00VhwqCO4JgH7FFJsGYjYxCW1LwV4gGSCGtDbWZLIJGBk81mPINGhpU7T2bRNM/K7nm5clcpVa9zagVwBI7BKXDBBaiCGqiDBsDgETyBF/BqPVtv1rv1OW1dsvKZAzAj6+sHGzumzg==</latexit>

H | i = E | i



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 symmetries of QCD.


• Perturbative expansion in                .

The nuclear force from EFT
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• Weinberg, 90’s:


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


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


• Perturbative expansion in                .
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EFTχ
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The power of EFTχ

5

✓EFT description rooted in QCD.


✓Systematic expansion with quantifiable 
theoretical error:
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The power of EFTχ
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✓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>
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(LECs) • Unknown values of low-energy constants (LECs).


• Importance of interactions: Power Counting (PC).



• Construct potentials:

• Compute predictions.

Weinberg PC

6

<latexit sha1_base64="K9ZbZq7u5Pav4yFUN4eeAbCfHFM="></latexit>

V = V (0)
NN(↵

(0)) + V (2)
NN(↵

(2)) + ...

+ . . .

- Use dimensional analysis to organize diagrams.

- Resum potential nonperturbatively in LS-equation.

R. Machleidt and D. R. Entem, Phys. Rep. 503 (2011)  
E. Epelbaum, H.-W. Hammer, and U.-G. Meissner, Rev. Mod. Phys. 81, (2009)  

H.-W Hammer, S. König, and U. van Kolck, Rev. Mod. Phys. 92, (2020)  

• Calibrate unknown LECs using data.



-  with WPC: Successful description of many 
structure and reaction observables.
χEFT

• Construct potentials:

• Compute predictions.

Weinberg PC
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V = V (0)
NN(↵

(0)) + V (2)
NN(↵

(2)) + ...

+ . . .

- Use dimensional analysis to organize diagrams.

- Resum potential nonperturbatively in LS-equation.

R. Machleidt and D. R. Entem, Phys. Rep. 503 (2011)  
E. Epelbaum, H.-W. Hammer, and U.-G. Meissner, Rev. Mod. Phys. 81, (2009)  

H.-W Hammer, S. König, and U. van Kolck, Rev. Mod. Phys. 92, (2020)  

• Calibrate unknown LECs using data.



-  with WPC: Successful description of many 
structure and reaction observables.
χEFT

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

Λ

• Construct potentials:

• Compute predictions.

Weinberg PC

6

A. Nogga et al., Phys. Rev. C 72, (2005)
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- Use dimensional analysis to organize diagrams.

- Resum potential nonperturbatively in LS-equation.

R. Machleidt and D. R. Entem, Phys. Rep. 503 (2011)  
E. Epelbaum, H.-W. Hammer, and U.-G. Meissner, Rev. Mod. Phys. 81, (2009)  

H.-W Hammer, S. König, and U. van Kolck, Rev. Mod. Phys. 92, (2020)  

• Calibrate unknown LECs using data.



Modified Weinberg PC

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

Λ

7



Modified Weinberg PC

• What happens if we require -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)

<latexit sha1_base64="qjCJc7IA6LP77vO9IjzINIPcyLI="></latexit>

V = V (0)
NN(↵

(0)) + V (1)
NN(↵

(1)) + V (2)
NN(↵

(2)) + V (3)
NN(↵

(3)) + . . .

B. Long and U. van Kolck, Ann. Phys. 323, (2008)

A. Nogga et al., Phys. Rev. C 72, (2005)

+ . . . +



Modified Weinberg PC

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

Λ

7

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

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

<latexit sha1_base64="qjCJc7IA6LP77vO9IjzINIPcyLI="></latexit>

V = V (0)
NN(↵

(0)) + V (1)
NN(↵

(1)) + V (2)
NN(↵

(2)) + V (3)
NN(↵

(3)) + . . .

B. Long and U. van Kolck, Ann. Phys. 323, (2008)

A. Nogga et al., Phys. Rev. C 72, (2005)

Treated perturbatively

+ . . . +
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LO

N2LO

N3LO

NLO

Non-perturbative one-pion-exchange:
pe

rt
ur

ba
ti

ve
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on
tr

iu
ti

on
s

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>

C1S0
, C3S1

, C3P0
, C3P2

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

D1S0

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

E1S0
, D3S1

, D3S1�3D1
, D1P1

,

D3P1
, E3P0

, E3P2
, E3P2�3F2

<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>

F1S0

4∑

6∑

19∑

33∑
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LO

N2LO

N3LO

NLO

Non-perturbative one-pion-exchange:
pe

rt
ur

ba
ti

ve
 c

on
tr

iu
ti

on
s

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>

C1S0
, C3S1

, C3P0
, C3P2

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

D1S0

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

E1S0
, D3S1

, D3S1�3D1
, D1P1

,

D3P1
, E3P0

, E3P2
, E3P2�3F2

<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>

F1S0

4∑

6∑

19∑

33∑



Why do we study this PC?

• This modified PC is less studied than Weinberg PC.


• Yang et al. observed inaccurate predictions in nuclei with  using 
this PC at next-to-leading order (NLO).


• Studies of this modified PC can give us new insights about .


• We want to: 


- Infer LECs from observables with EFT error model.


- Quantify prediction uncertainties with probability distributions.

- Evaluate predictions for  systems beyond NLO.

A > 4

χEFT

A > 2
9

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



Computing  amplitudesNN

10

<latexit sha1_base64="qjCJc7IA6LP77vO9IjzINIPcyLI="></latexit>

V = V (0)
NN(↵

(0)) + V (1)
NN(↵

(1)) + V (2)
NN(↵

(2)) + V (3)
NN(↵

(3)) + . . .

• Compute LO non-perturbatively.

• Use distorted-wave perturbation theory to add corrections beyond LO


 RG-invariance holds also at higher orders.⟹ B. Long and U. van Kolck, Ann. Phys. 323, (2008)

T (0) = = +

T (1) = + + +

LO:

NLO:

<latexit sha1_base64="LLRdxhes+6nIX30eDM7VbobFUi4=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVfs88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C40QnNQ=</latexit>

V (0)
NN

<latexit sha1_base64="LLRdxhes+6nIX30eDM7VbobFUi4=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVfs88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C40QnNQ=</latexit>

V (0)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN



The starting point: LO

11

<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)

•Amplitudes computed perturbatively 
beyond LO:
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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>
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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)

•Amplitudes computed perturbatively 
beyond LO:
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•Conclusion: The foundation 
(LO) is very important!


•What is the starting point?

<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)

•Amplitudes computed perturbatively 
beyond LO:



Calibrating the LO potential

• Use  scattering observables to calibrate LO LECs.


• Bayesian inference: Treat LECs as random variables.

NN

12

Bayes’ rule:

<latexit sha1_base64="7PM8B1PIznFOxHknCMFeP/yZRiA="></latexit>

V = V (0)
NN(↵

(0)) + . . .

Posterior
PriorLikelihood

<latexit sha1_base64="db0q+6tHE4y3bAgyqmjoYxdEu90=">AAAB+3icbVDLSsNAFL2prxpfVZduBovgqiRS1GVRFy5bsA9oQ5lMbtqhM0nITIQS8gVu9QvciVs/xg/wP0zbLGzrgYHDOffeufe4keBKW9a3UdrY3NreKe+ae/sHh0eV45OOCpOYYZuFIox7LlUoeIBtzbXAXhQjla7Arju5n/ndZ4wVD4MnPY3QkXQUcJ8zqnOp9TCsVK2aNQdZJ3ZBqlCgOaz8DLyQJRIDzQRVqm9bkXZSGmvOBGbmIFEYUTahI+znNKASlZPOF83IRa54xA/j/AWazNW/HSmVSk2lm1dKqsdq1ZuJ/3n9RPu3TsqDKNEYsMVHfiKIDsnsauLxGJkWU7I00ZVL+6YqP2iMXkZMM8/FXk1hnXSuavZ1rd6qVxt3RUJlOINzuAQbbqABj9CENjBAeIFXeDMy4934MD4XpSWj6DmFJRhfv5rWlCI=</latexit>

D

Evidence
<latexit sha1_base64="uqNQUfw6CDwj6/jfEFotfYtbyKk="></latexit>

pr
⇣
↵(0)|D, I

⌘

<latexit sha1_base64="aqUQjZTVbBQhC0yZ/DepwEXbVPE="></latexit>

pr(D|↵(0), I) · pr(↵(0)|I)
pr(D|I) = pr(↵(0)|D, I)

R. J. Furnstahl, N. Klco, D. R. Phillips, and S. 
Wesolowski, Phys. Rev. C 92 (2015) 



Calibrating LO potential
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<latexit sha1_base64="Nz4XtZywUnSxC6n9R76YfeOoWYM=">AAACKXicbVDJSgNBFOyJW4xb1JN4aQyCpzAjcbkIQS8eFCKYBZIQejovSZOehe43YhgGv8aToN/iTb36Fd7sLAeTWNBQVNXjvS43lEKjbX9aqYXFpeWV9GpmbX1jcyu7vVPRQaQ4lHkgA1VzmQYpfCijQAm1UAHzXAlVt3819KsPoLQI/HschND0WNcXHcEZGqmV3WvcmHCb0QtaOLFpA+ERY3oLlaSVzdl5ewQ6T5wJyZEJSq3sT6Md8MgDH7lkWtcdO8RmzBQKLiHJNCINIeN91oW6oT7zQDfj0RcSemiUNu0Eyjwf6Uj9OxEzT+uB55qkx7CnZ72h+J9Xj7Bz3oyFH0YIPh8v6kSSYkCHfdC2UMBRDgxhXAlzK+U9phhH09rUFlexPmAyrXkJNTBdObPNzJPKcd45zRfuCrni5aS1NNknB+SIOOSMFMk1KZEy4eSJPJNX8ma9WO/Wh/U1jqasycwumYL1/QuYwKVY</latexit>

⇤ = 450 MeV
<latexit sha1_base64="uqNQUfw6CDwj6/jfEFotfYtbyKk="></latexit>

pr
⇣
↵(0)|D, I

⌘

• Infer LECs for different cutoffs.


• LECs varies with the cutoff so the 
predictions do not.

,

OT, E. May, A. Ekström, and C. Forssén, Phys. Rev. C 108, (2023)
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<latexit sha1_base64="uqNQUfw6CDwj6/jfEFotfYtbyKk="></latexit>

pr
⇣
↵(0)|D, I

⌘

• Infer LECs for different cutoffs.


• LECs varies with the cutoff so the 
predictions do not.

<latexit sha1_base64="8O/fdaf10+6ancfJ4Qp7iTqL0mM=">AAACHnicbVDLSsNAFJ34rPFVdelmaBHcWJIa1GWxC11WsA9o0zCZ3rRDJw8yE7GE7P0Mv8CtfoE7casf4H84fSxs64GBwzn3Mfe4EWdCGsa3trK6tr6xmdvSt3d29/bzB4cNESYxhToNeRi3XCKAswDqkkkOrSgG4rscmu6wOvabDxALFgb3chSB7ZN+wDxGiVSSky9UnbR7XnPKGe7gtml0LdyR8CjTG2hk3fTMymwnXzRKxgR4mZgzUkQz1Jz8T6cX0sSHQFJOhFBjI2mnJJaMcsj0TiIgInRI+tBWNCA+CDud3JLhE6X0sBfG6gUST9S/HSnxhRj5rqr0iRyIRW8s/ue1E+ld2SkLokRCQKeLvIRjGeJxMLjHYqCSj/DcRNef+28q1EED6GVY11Uu5mIKy6RRLpkXJevOKlauZwnl0DEqoFNkoktUQbeohuqIoif0gl7Rm/asvWsf2ue0dEWb9RyhOWhfvxCvoJ4=</latexit> C
3
P

2
[1
04
G
eV

�
4
]

Marginal density:

,

OT, E. May, A. Ekström, and C. Forssén, Phys. Rev. C 108, (2023)
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• Infer LECs for different cutoffs.


• LECs varies with the cutoff so the 
predictions do not.
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,

OT, E. May, A. Ekström, and C. Forssén, Phys. Rev. C 108, (2023)



Predicted scattering observables

14

-Accurate, but not very precise (high energy, LO).

-Not very accurate, but somewhat reasonable 
within LO uncertainty.

-Quite accurate, but the experimental error is large.

ExperimentLO prediction
OT, E. May, A. Ekström, and C. Forssén, Phys. Rev. C 108, (2023)
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Predicted scattering observables

14

-Accurate, but not very precise (high energy, LO).

-Not very accurate, but somewhat reasonable 
within LO uncertainty.

•Predictions are RG-invariant.

•Uncertainties are crucial for conclusions!

•The error model used is insufficient, 

higher orders are needed.

-Quite accurate, but the experimental error is large.

ExperimentLO prediction
OT, E. May, A. Ekström, and C. Forssén, Phys. Rev. C 108, (2023)



Adding perturbative corrections

15

<latexit sha1_base64="qjCJc7IA6LP77vO9IjzINIPcyLI="></latexit>

V = V (0)
NN(↵

(0)) + V (1)
NN(↵

(1)) + V (2)
NN(↵

(2)) + V (3)
NN(↵

(3)) + . . .

LO Perturbative corrections

• More LECs:


• A first step: Calibrate LECs using phase shifts and 
compute predictions for scattering observables.

<latexit sha1_base64="efNKqWJgbOBAx/g+sBruca3baiI=">AAACRHicbZDLSsNAFIYn9VbrLerSzWARWpCQ1KIui266rGAv0MQymUzaoTNJyEyEEvJKPoZP4MaF7ty5E7di2mZhGn8Y+PnOOTNzfjtgVEhdf1VKa+sbm1vl7crO7t7+gXp41BN+FGLSxT7zw4GNBGHUI11JJSODICSI24z07entvN5/JKGgvncvZwGxOBp71KUYyRSN1LZp89hELJig5CGu6fXkPE+MAmkUyEU90UZqVdf0hWDRGJmpgkydkfphOj6OOPEkZkiIoaEH0opRKClmJKmYkSABwlM0JsPUeogTYcWLjRN4lhIHun6YHk/CBf07ESMuxIzbaSdHciJWa3P4X20YSffaiqkXRJJ4ePmQGzEofTiPDzo0JFiyGczdaPPcf2ORLjQhTgIrlTQXYzWFouk1NONSa941q62bLKEyOAGnoAYMcAVaoA06oAsweAIv4A28K8/Kp/KlfC9bS0o2cwxyUn5+AU9QsP0=</latexit>

↵(0),↵(1),↵(2),↵(3).



Perturbatively computed phase shifts

16

Phase shifts (uncoupled channels):Sub-leading amplitudes using DWBA:

<latexit sha1_base64="YxFKr+W0zDC3w044UHHiX96xkpQ="></latexit>

=) �(⌫)tot = �(0) + · · ·+ �(⌫) 2 R



Calibrate LECs using  phase shiftsnp

17

• Phase shifts are computed perturbatively.


• LECs are inferred by reproducing phase 
shifts at specific energies (  ).


• Two cutoffs:


• Note:  except in .NLO = LO 1S0

<latexit sha1_base64="/Q40uZLBFgmI7E19j5/ij7sTNQU="></latexit>

⇤ = 500 MeV, ⇤ = 2500 MeV

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



Predicted scattering observables

18

• Clear improvement order-by-order.


• Sufficiently accurate cross sections 
to use in inference of LECs.


• Energy-dependent accuracy.


• Hints that the breakdown scale can 
be as low as .Λb ∼ 200 − 300 MeV

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



Computing phase shifts perturbatively

19

Note: All                    by construction:
<latexit sha1_base64="RvMd1zd24UwwE15X01aJgqb6KCE="></latexit>

R 3 � =
1

2i
ln(S) ⌘ f(V ), V 2 R

<latexit sha1_base64="y1QqOXv1xWY8pb7OFOD/Z4fEGLg="></latexit>

V (x) =
3X

⌫=0

xvV (⌫) =) �(x) = f(V (x))

Taylor expansion of  must be real!⟹ δ(x)

Coupled channels:

<latexit sha1_base64="4PmWxpwfk/arQMYbTu1jR5DL5Ck=">AAACGXicbVDLSsNAFJ34rPEVdSnCYBHqpiRS1GXRjcsq9gFNLJPJbTt0MgmZiVBCVn6GX+BWv8CduHXlB/gfJm0WtvXAwOGce+/ce9yQM6lM81tbWl5ZXVsvbeibW9s7u8befksGcUShSQMeRB2XSOBMQFMxxaETRkB8l0PbHV3nfvsRIskCca/GITg+GQjWZ5SoTOoZR7YHXJGHpGKL+DTFNhPY9okaum5yl/aMslk1J8CLxCpIGRVo9Iwf2wto7INQlBMpu5YZKichkWKUQ6rbsYSQ0BEZQDejgvggnWRyRopPMsXD/SDKnlB4ov7tSIgv5dh3s8p8Qznv5eJ/XjdW/UsnYSKMFQg6/agfc6wCnGeCPRYBVXyMZya6/sy+icwOGoKXYl3PcrHmU1gkrbOqdV6t3dbK9asioRI6RMeogix0geroBjVQE1H0hF7QK3rTnrV37UP7nJYuaUXPAZqB9vULhPyf+g==</latexit>

�(⌫) 2 RUncoupled channels:

<latexit sha1_base64="YxFKr+W0zDC3w044UHHiX96xkpQ="></latexit>

=) �(⌫)tot = �(0) + · · ·+ �(⌫) 2 R
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Computing phase shifts perturbatively
Alternatively:

<latexit sha1_base64="Kfnh7QoyO3VWChzHHKgV07ZQ87g="></latexit>

=) �̃(⌫)tot /2 R
<latexit sha1_base64="8QzptZKZ3B4AH3Xl51iNaEkQInM="></latexit>

�̃(⌫)tot =
1

2i
ln(S(0) + · · ·+ S(⌫)

| {z }
⌘S(⌫)

tot

)

Uncoupled channels:

<latexit sha1_base64="YxFKr+W0zDC3w044UHHiX96xkpQ="></latexit>

=) �(⌫)tot = �(0) + · · ·+ �(⌫) 2 R



20

Computing phase shifts perturbatively
Alternatively:

<latexit sha1_base64="Kfnh7QoyO3VWChzHHKgV07ZQ87g="></latexit>

=) �̃(⌫)tot /2 R
<latexit sha1_base64="8QzptZKZ3B4AH3Xl51iNaEkQInM="></latexit>

�̃(⌫)tot =
1

2i
ln(S(0) + · · ·+ S(⌫)

| {z }
⌘S(⌫)

tot

)

Uncoupled channels:

<latexit sha1_base64="YxFKr+W0zDC3w044UHHiX96xkpQ="></latexit>

=) �(⌫)tot = �(0) + · · ·+ �(⌫) 2 R
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Computing phase shifts perturbatively
Alternatively:

<latexit sha1_base64="Kfnh7QoyO3VWChzHHKgV07ZQ87g="></latexit>

=) �̃(⌫)tot /2 R

<latexit sha1_base64="MhVxf5BbCZkscq0npMflWWKqpkY="></latexit>

S(⌫)†
tot S(⌫)

tot = 1 + C(Q/⇤b)
⌫+1

<latexit sha1_base64="8QzptZKZ3B4AH3Xl51iNaEkQInM="></latexit>

�̃(⌫)tot =
1

2i
ln(S(0) + · · ·+ S(⌫)

| {z }
⌘S(⌫)

tot

)

Uncoupled channels:

<latexit sha1_base64="YxFKr+W0zDC3w044UHHiX96xkpQ="></latexit>

=) �(⌫)tot = �(0) + · · ·+ �(⌫) 2 R



<latexit sha1_base64="Ub/QKOk++J3l4SwBe9h8exLLEeg=">AAACP3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVnsxmUF+4CmlMnkth06k4TMjVjSfJCf4Re4tR8g7sStO9PHog8PDBzOOXdm7nECKTSa5shYW9/Y3NrO7GR39/YPDnNHxzXtRyGHKvelHzYcpkEKD6ooUEIjCIEpR0Ld6ZfHfv0ZQi187wkHAbQU63qiIzjDVGrnykNbi65ibRvhBWP0MaGX1EYhXYinVjLnDa9W88N2Lm8WzAnoKrFmJE9mqLRzn7br80iBh1wyrZuWGWArZiEKLiHJ2pGGgPE+60IzpR5ToFvxZNmEnqeKSzt+mB4P6USdn4iZ0nqgnDSpGPb0sjcW//OaEXbuWrHwggjB49OHOpGk6NNxc9QVIXCUA7pwo6MW/hvrdKEeuAnNZtNerOUWVkntumDdFIqPxXzpftZQhpySM3JBLHJLSuSBVEiVcPJK3skHGRlvxpfxbfxMo2vGbOaELMD4/QO+irJJ</latexit> |�
to

t
�

�̃
to

t|/
|�

to
t|

Perturbative unitarity breaking

21

<latexit sha1_base64="MhVxf5BbCZkscq0npMflWWKqpkY="></latexit>

S(⌫)†
tot S(⌫)

tot = 1 + C(Q/⇤b)
⌫+1

In each channel:

Gauge the effect on observables:

˜

Compare to using the optical theorem, which 
is exact when the amplitude is unitary:



<latexit sha1_base64="Ub/QKOk++J3l4SwBe9h8exLLEeg=">AAACP3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVnsxmUF+4CmlMnkth06k4TMjVjSfJCf4Re4tR8g7sStO9PHog8PDBzOOXdm7nECKTSa5shYW9/Y3NrO7GR39/YPDnNHxzXtRyGHKvelHzYcpkEKD6ooUEIjCIEpR0Ld6ZfHfv0ZQi187wkHAbQU63qiIzjDVGrnykNbi65ibRvhBWP0MaGX1EYhXYinVjLnDa9W88N2Lm8WzAnoKrFmJE9mqLRzn7br80iBh1wyrZuWGWArZiEKLiHJ2pGGgPE+60IzpR5ToFvxZNmEnqeKSzt+mB4P6USdn4iZ0nqgnDSpGPb0sjcW//OaEXbuWrHwggjB49OHOpGk6NNxc9QVIXCUA7pwo6MW/hvrdKEeuAnNZtNerOUWVkntumDdFIqPxXzpftZQhpySM3JBLHJLSuSBVEiVcPJK3skHGRlvxpfxbfxMo2vGbOaELMD4/QO+irJJ</latexit> |�
to

t
�

�̃
to

t|/
|�

to
t|

Perturbative unitarity breaking

21

<latexit sha1_base64="MhVxf5BbCZkscq0npMflWWKqpkY="></latexit>

S(⌫)†
tot S(⌫)

tot = 1 + C(Q/⇤b)
⌫+1

10 % error at energies: 

In each channel:

Gauge the effect on observables:

˜

Compare to using the optical theorem, which 
is exact when the amplitude is unitary:



<latexit sha1_base64="Ub/QKOk++J3l4SwBe9h8exLLEeg=">AAACP3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVnsxmUF+4CmlMnkth06k4TMjVjSfJCf4Re4tR8g7sStO9PHog8PDBzOOXdm7nECKTSa5shYW9/Y3NrO7GR39/YPDnNHxzXtRyGHKvelHzYcpkEKD6ooUEIjCIEpR0Ld6ZfHfv0ZQi187wkHAbQU63qiIzjDVGrnykNbi65ibRvhBWP0MaGX1EYhXYinVjLnDa9W88N2Lm8WzAnoKrFmJE9mqLRzn7br80iBh1wyrZuWGWArZiEKLiHJ2pGGgPE+60IzpR5ToFvxZNmEnqeKSzt+mB4P6USdn4iZ0nqgnDSpGPb0sjcW//OaEXbuWrHwggjB49OHOpGk6NNxc9QVIXCUA7pwo6MW/hvrdKEeuAnNZtNerOUWVkntumDdFIqPxXzpftZQhpySM3JBLHJLSuSBVEiVcPJK3skHGRlvxpfxbfxMo2vGbOaELMD4/QO+irJJ</latexit> |�
to

t
�

�̃
to

t|/
|�

to
t|

Perturbative unitarity breaking

21

<latexit sha1_base64="MhVxf5BbCZkscq0npMflWWKqpkY="></latexit>

S(⌫)†
tot S(⌫)

tot = 1 + C(Q/⇤b)
⌫+1

10 % error at energies: 
(NLO)

<latexit sha1_base64="JVfsYTTqMojp6iEohGzJ7RugWUw=">AAACC3icbVDLSsNAFJ34rPHRqEs3g0VwVRKpj2XRjRuhgn1AG8pkctMOnZmEzEQsIZ/gF7jVL3Anbv0IP8D/MG2zsK0HLhzOuXfm3uNFnClt29/Gyura+sZmacvc3tndK1v7By0VJjGFJg15GHc8ooAzCU3NNIdOFAMRHoe2N7qZ+O1HiBUL5YMeR+AKMpAsYJToXOpb5do57ml40im+g1aG+1bFrtpT4GXiFKSCCjT61k/PD2kiQGrKiVJdx460m5JYM8ohM3uJgojQERlAN6eSCFBuOl08wye54uMgjPOSGk/VvxMpEUqNhZd3CqKHatGbiP953UQHV27KZJRokHT2UZBwrEM8SQH7LAaq+RjPveiJuX1TlR80BD/Dppnn4iymsExaZ1Xnolq7r1Xq10VCJXSEjtEpctAlqqNb1EBNRFGCXtArejOejXfjw/icta4YxcwhmoPx9QugnJmF</latexit>

45 MeV

In each channel:

Gauge the effect on observables:

˜

Compare to using the optical theorem, which 
is exact when the amplitude is unitary:



<latexit sha1_base64="Ub/QKOk++J3l4SwBe9h8exLLEeg=">AAACP3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVnsxmUF+4CmlMnkth06k4TMjVjSfJCf4Re4tR8g7sStO9PHog8PDBzOOXdm7nECKTSa5shYW9/Y3NrO7GR39/YPDnNHxzXtRyGHKvelHzYcpkEKD6ooUEIjCIEpR0Ld6ZfHfv0ZQi187wkHAbQU63qiIzjDVGrnykNbi65ibRvhBWP0MaGX1EYhXYinVjLnDa9W88N2Lm8WzAnoKrFmJE9mqLRzn7br80iBh1wyrZuWGWArZiEKLiHJ2pGGgPE+60IzpR5ToFvxZNmEnqeKSzt+mB4P6USdn4iZ0nqgnDSpGPb0sjcW//OaEXbuWrHwggjB49OHOpGk6NNxc9QVIXCUA7pwo6MW/hvrdKEeuAnNZtNerOUWVkntumDdFIqPxXzpftZQhpySM3JBLHJLSuSBVEiVcPJK3skHGRlvxpfxbfxMo2vGbOaELMD4/QO+irJJ</latexit> |�
to

t
�

�̃
to

t|/
|�

to
t|

Perturbative unitarity breaking

21

<latexit sha1_base64="MhVxf5BbCZkscq0npMflWWKqpkY="></latexit>

S(⌫)†
tot S(⌫)

tot = 1 + C(Q/⇤b)
⌫+1

10 % error at energies: 
(N2LO)(NLO)

<latexit sha1_base64="fnl54w611+5KiRGKNuGNJvumZf4=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5JItS6LbtwIFewD2lAmk5t26MwkZCZiCfkEv8CtfoE7cetH+AH+h2mbhW09cOFwzr0z9x435Expy/o2CmvrG5tbxe3Szu7eftk8OGyrII4otGjAg6jrEgWcSWhppjl0wwiIcDl03PHN1O88QqRYIB/0JARHkKFkPqNEZ9LALNcvcF/Dk07wHbRTPDArVtWaAa8SOycVlKM5MH/6XkBjAVJTTpTq2VaonYREmlEOaakfKwgJHZMh9DIqiQDlJLPFU3yaKR72gygrqfFM/TuREKHURLhZpyB6pJa9qfif14u1f+UkTIaxBknnH/kxxzrA0xSwxyKgmk/wwouuWNg3UdlBI/BSXCpludjLKayS9nnVvqzW7muVxnWeUBEdoxN0hmxURw10i5qohSiK0Qt6RW/Gs/FufBif89aCkc8coQUYX7+li5mI</latexit>

75 MeV
<latexit sha1_base64="JVfsYTTqMojp6iEohGzJ7RugWUw=">AAACC3icbVDLSsNAFJ34rPHRqEs3g0VwVRKpj2XRjRuhgn1AG8pkctMOnZmEzEQsIZ/gF7jVL3Anbv0IP8D/MG2zsK0HLhzOuXfm3uNFnClt29/Gyura+sZmacvc3tndK1v7By0VJjGFJg15GHc8ooAzCU3NNIdOFAMRHoe2N7qZ+O1HiBUL5YMeR+AKMpAsYJToXOpb5do57ml40im+g1aG+1bFrtpT4GXiFKSCCjT61k/PD2kiQGrKiVJdx460m5JYM8ohM3uJgojQERlAN6eSCFBuOl08wye54uMgjPOSGk/VvxMpEUqNhZd3CqKHatGbiP953UQHV27KZJRokHT2UZBwrEM8SQH7LAaq+RjPveiJuX1TlR80BD/Dppnn4iymsExaZ1Xnolq7r1Xq10VCJXSEjtEpctAlqqNb1EBNRFGCXtArejOejXfjw/icta4YxcwhmoPx9QugnJmF</latexit>

45 MeV

In each channel:

Gauge the effect on observables:

˜

Compare to using the optical theorem, which 
is exact when the amplitude is unitary:



<latexit sha1_base64="Ub/QKOk++J3l4SwBe9h8exLLEeg=">AAACP3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVnsxmUF+4CmlMnkth06k4TMjVjSfJCf4Re4tR8g7sStO9PHog8PDBzOOXdm7nECKTSa5shYW9/Y3NrO7GR39/YPDnNHxzXtRyGHKvelHzYcpkEKD6ooUEIjCIEpR0Ld6ZfHfv0ZQi187wkHAbQU63qiIzjDVGrnykNbi65ibRvhBWP0MaGX1EYhXYinVjLnDa9W88N2Lm8WzAnoKrFmJE9mqLRzn7br80iBh1wyrZuWGWArZiEKLiHJ2pGGgPE+60IzpR5ToFvxZNmEnqeKSzt+mB4P6USdn4iZ0nqgnDSpGPb0sjcW//OaEXbuWrHwggjB49OHOpGk6NNxc9QVIXCUA7pwo6MW/hvrdKEeuAnNZtNerOUWVkntumDdFIqPxXzpftZQhpySM3JBLHJLSuSBVEiVcPJK3skHGRlvxpfxbfxMo2vGbOaELMD4/QO+irJJ</latexit> |�
to

t
�

�̃
to

t|/
|�

to
t|

Perturbative unitarity breaking

21

<latexit sha1_base64="MhVxf5BbCZkscq0npMflWWKqpkY="></latexit>

S(⌫)†
tot S(⌫)

tot = 1 + C(Q/⇤b)
⌫+1

10 % error at energies: 
(N2LO) (N3LO)(NLO)

<latexit sha1_base64="fnl54w611+5KiRGKNuGNJvumZf4=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5JItS6LbtwIFewD2lAmk5t26MwkZCZiCfkEv8CtfoE7cetH+AH+h2mbhW09cOFwzr0z9x435Expy/o2CmvrG5tbxe3Szu7eftk8OGyrII4otGjAg6jrEgWcSWhppjl0wwiIcDl03PHN1O88QqRYIB/0JARHkKFkPqNEZ9LALNcvcF/Dk07wHbRTPDArVtWaAa8SOycVlKM5MH/6XkBjAVJTTpTq2VaonYREmlEOaakfKwgJHZMh9DIqiQDlJLPFU3yaKR72gygrqfFM/TuREKHURLhZpyB6pJa9qfif14u1f+UkTIaxBknnH/kxxzrA0xSwxyKgmk/wwouuWNg3UdlBI/BSXCpludjLKayS9nnVvqzW7muVxnWeUBEdoxN0hmxURw10i5qohSiK0Qt6RW/Gs/FufBif89aCkc8coQUYX7+li5mI</latexit>

75 MeV
<latexit sha1_base64="JVfsYTTqMojp6iEohGzJ7RugWUw=">AAACC3icbVDLSsNAFJ34rPHRqEs3g0VwVRKpj2XRjRuhgn1AG8pkctMOnZmEzEQsIZ/gF7jVL3Anbv0IP8D/MG2zsK0HLhzOuXfm3uNFnClt29/Gyura+sZmacvc3tndK1v7By0VJjGFJg15GHc8ooAzCU3NNIdOFAMRHoe2N7qZ+O1HiBUL5YMeR+AKMpAsYJToXOpb5do57ml40im+g1aG+1bFrtpT4GXiFKSCCjT61k/PD2kiQGrKiVJdx460m5JYM8ohM3uJgojQERlAN6eSCFBuOl08wye54uMgjPOSGk/VvxMpEUqNhZd3CqKHatGbiP953UQHV27KZJRokHT2UZBwrEM8SQH7LAaq+RjPveiJuX1TlR80BD/Dppnn4iymsExaZ1Xnolq7r1Xq10VCJXSEjtEpctAlqqNb1EBNRFGCXtArejOejXfjw/icta4YxcwhmoPx9QugnJmF</latexit>

45 MeV
<latexit sha1_base64="70OrcCFT0eoVce10hUNXj6zfXsE=">AAACDHicbVDLSsNAFJ3UV42vqEs3g0VwVRKtj2XRjRuhgn1AG8pkctsOnZmEzKRYQn7BL3CrX+BO3PoPfoD/YdpmYVsPXDicc+/MvccLOVPatr+Nwsrq2vpGcdPc2t7Z3bP2DxoqiCMKdRrwIGp5RAFnEuqaaQ6tMAIiPA5Nb3g78ZsjiBQL5KMeh+AK0pesxyjRmdS1LOf8Anc0POkE30MjxV2rZJftKfAycXJSQjlqXeun4wc0FiA15USptmOH2k1IpBnlkJqdWEFI6JD0oZ1RSQQoN5lunuKTTPFxL4iykhpP1b8TCRFKjYWXdQqiB2rRm4j/ee1Y967dhMkw1iDp7KNezLEO8CQG7LMIqOZjPPeiJ+b2TVR20AD8FJtmlouzmMIyaZyVncty5aFSqt7kCRXRETpGp8hBV6iK7lAN1RFFI/SCXtGb8Wy8Gx/G56y1YOQzh2gOxtcvFP6Zvw==</latexit>

135 MeV

In each channel:

Gauge the effect on observables:

˜

Compare to using the optical theorem, which 
is exact when the amplitude is unitary:



<latexit sha1_base64="Ub/QKOk++J3l4SwBe9h8exLLEeg=">AAACP3icbVDLSsNAFJ34rPVVdelmsAhurIkUdVnsxmUF+4CmlMnkth06k4TMjVjSfJCf4Re4tR8g7sStO9PHog8PDBzOOXdm7nECKTSa5shYW9/Y3NrO7GR39/YPDnNHxzXtRyGHKvelHzYcpkEKD6ooUEIjCIEpR0Ld6ZfHfv0ZQi187wkHAbQU63qiIzjDVGrnykNbi65ibRvhBWP0MaGX1EYhXYinVjLnDa9W88N2Lm8WzAnoKrFmJE9mqLRzn7br80iBh1wyrZuWGWArZiEKLiHJ2pGGgPE+60IzpR5ToFvxZNmEnqeKSzt+mB4P6USdn4iZ0nqgnDSpGPb0sjcW//OaEXbuWrHwggjB49OHOpGk6NNxc9QVIXCUA7pwo6MW/hvrdKEeuAnNZtNerOUWVkntumDdFIqPxXzpftZQhpySM3JBLHJLSuSBVEiVcPJK3skHGRlvxpfxbfxMo2vGbOaELMD4/QO+irJJ</latexit> |�
to

t
�

�̃
to

t|/
|�

to
t|

Perturbative unitarity breaking

21

<latexit sha1_base64="MhVxf5BbCZkscq0npMflWWKqpkY="></latexit>

S(⌫)†
tot S(⌫)

tot = 1 + C(Q/⇤b)
⌫+1

10 % error at energies: 
(N2LO) (N3LO)(NLO)

<latexit sha1_base64="fnl54w611+5KiRGKNuGNJvumZf4=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5JItS6LbtwIFewD2lAmk5t26MwkZCZiCfkEv8CtfoE7cetH+AH+h2mbhW09cOFwzr0z9x435Expy/o2CmvrG5tbxe3Szu7eftk8OGyrII4otGjAg6jrEgWcSWhppjl0wwiIcDl03PHN1O88QqRYIB/0JARHkKFkPqNEZ9LALNcvcF/Dk07wHbRTPDArVtWaAa8SOycVlKM5MH/6XkBjAVJTTpTq2VaonYREmlEOaakfKwgJHZMh9DIqiQDlJLPFU3yaKR72gygrqfFM/TuREKHURLhZpyB6pJa9qfif14u1f+UkTIaxBknnH/kxxzrA0xSwxyKgmk/wwouuWNg3UdlBI/BSXCpludjLKayS9nnVvqzW7muVxnWeUBEdoxN0hmxURw10i5qohSiK0Qt6RW/Gs/FufBif89aCkc8coQUYX7+li5mI</latexit>

75 MeV
<latexit sha1_base64="JVfsYTTqMojp6iEohGzJ7RugWUw=">AAACC3icbVDLSsNAFJ34rPHRqEs3g0VwVRKpj2XRjRuhgn1AG8pkctMOnZmEzEQsIZ/gF7jVL3Anbv0IP8D/MG2zsK0HLhzOuXfm3uNFnClt29/Gyura+sZmacvc3tndK1v7By0VJjGFJg15GHc8ooAzCU3NNIdOFAMRHoe2N7qZ+O1HiBUL5YMeR+AKMpAsYJToXOpb5do57ml40im+g1aG+1bFrtpT4GXiFKSCCjT61k/PD2kiQGrKiVJdx460m5JYM8ohM3uJgojQERlAN6eSCFBuOl08wye54uMgjPOSGk/VvxMpEUqNhZd3CqKHatGbiP953UQHV27KZJRokHT2UZBwrEM8SQH7LAaq+RjPveiJuX1TlR80BD/Dppnn4iymsExaZ1Xnolq7r1Xq10VCJXSEjtEpctAlqqNb1EBNRFGCXtArejOejXfjw/icta4YxcwhmoPx9QugnJmF</latexit>

45 MeV
<latexit sha1_base64="70OrcCFT0eoVce10hUNXj6zfXsE=">AAACDHicbVDLSsNAFJ3UV42vqEs3g0VwVRKtj2XRjRuhgn1AG8pkctsOnZmEzKRYQn7BL3CrX+BO3PoPfoD/YdpmYVsPXDicc+/MvccLOVPatr+Nwsrq2vpGcdPc2t7Z3bP2DxoqiCMKdRrwIGp5RAFnEuqaaQ6tMAIiPA5Nb3g78ZsjiBQL5KMeh+AK0pesxyjRmdS1LOf8Anc0POkE30MjxV2rZJftKfAycXJSQjlqXeun4wc0FiA15USptmOH2k1IpBnlkJqdWEFI6JD0oZ1RSQQoN5lunuKTTPFxL4iykhpP1b8TCRFKjYWXdQqiB2rRm4j/ee1Y967dhMkw1iDp7KNezLEO8CQG7LMIqOZjPPeiJ+b2TVR20AD8FJtmlouzmMIyaZyVncty5aFSqt7kCRXRETpGp8hBV6iK7lAN1RFFI/SCXtGb8Wy8Gx/G56y1YOQzh2gOxtcvFP6Zvw==</latexit>

135 MeV

In each channel:

Gauge the effect on observables:

˜

Compare to using the optical theorem, which 
is exact when the amplitude is unitary:

•What can be gained from connecting 
perturbative unitarity breaking and EFT errors?



Low-energy theorems (LETs)



Low-energy theorems (LETs)
• Is pion dynamics being treated properly?


• LET: Predicted higher-order coefficients in the effective-range expansion.

Fit Predict
• Predictions are clear indicators of correctly captured pion dynamics.



Low-energy theorems (LETs)
• Is pion dynamics being treated properly?


• LET: Predicted higher-order coefficients in the effective-range expansion.

T.D. Cohen, J.M. Hansen, Phys. Rev. C 59, (1999)

Fit Predict

- Cohen and Hansen: 
Analytical expressions 
for <latexit sha1_base64="5MhhDaJ0PZ+IACxfk8gt1kChT5w=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFclJDUoi6LblxWsA9sQ5lMJu3QmUnITAolZOsXuNUvcCdu/Q8/wP8wbbOwrQcGDufce+fe44acKW1Z38ba+sbm1nZhp7i7t39wWDo6bqkgjghtkoAHUcfFinImaVMzzWknjCgWLqdtd3Q39dtjGikWyEc9Cakj8EAynxGsM+lp3E+qlctKLTX7pbJlWjOgVWLnpAw5Gv3ST88LSCyo1IRjpbq2FWonwZFmhNO02IsVDTEZ4QHtZlRiQZWTzDZO0XmmeMgPouxJjWbq344EC6Umws0qBdZDtexNxf+8bqz9GydhMow1lWT+kR9zpAM0PR95LKJE8wlamOiKhX0TlR00pF6KisUsF3s5hVXSqpr2lVl7qJXrt3lCBTiFM7gAG66hDvfQgCYQkPACr/BmPBvvxofxOS9dM/KeE1iA8fULL/eXJA==</latexit>v2,3,4.

• Predictions are clear indicators of correctly captured pion dynamics.

D.B. Kaplan et al., Nucl. Phys. B 534 (1998)



Low-energy theorems: 1S0
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CIB

LO NLO N2LO N3LO Nijm.

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

• CIB in 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

24

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)
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• Modified PC:

Summary
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• Modified PC:

- Extra counterterms to absorb  - dependence.Λ

Summary

25

<latexit sha1_base64="qjCJc7IA6LP77vO9IjzINIPcyLI="></latexit>

V = V (0)
NN(↵

(0)) + V (1)
NN(↵

(1)) + V (2)
NN(↵

(2)) + V (3)
NN(↵

(3)) + . . .

+ . . . +



• Modified PC:

- Extra counterterms to absorb  - dependence.Λ

- Potential corrections added perturbatively beyond LO.

Summary

25

T (1) = + + +

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="qjCJc7IA6LP77vO9IjzINIPcyLI="></latexit>

V = V (0)
NN(↵

(0)) + V (1)
NN(↵

(1)) + V (2)
NN(↵

(2)) + V (3)
NN(↵

(3)) + . . .

+ . . . +



• Modified PC:

- Extra counterterms to absorb  - dependence.Λ

- Potential corrections added perturbatively beyond LO.

• We have found:

Summary

25

T (1) = + + +

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="qjCJc7IA6LP77vO9IjzINIPcyLI="></latexit>

V = V (0)
NN(↵

(0)) + V (1)
NN(↵

(1)) + V (2)
NN(↵

(2)) + V (3)
NN(↵

(3)) + . . .

+ . . . +



• Modified PC:

- Extra counterterms to absorb  - dependence.Λ

- Potential corrections added perturbatively beyond LO.

• We have found:

- A Bayesian approach is advantageous to infer LECs at LO.

Summary

25

T (1) = + + +

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="qjCJc7IA6LP77vO9IjzINIPcyLI="></latexit>

V = V (0)
NN(↵

(0)) + V (1)
NN(↵

(1)) + V (2)
NN(↵

(2)) + V (3)
NN(↵

(3)) + . . .

+ . . . +



• Modified PC:

- Extra counterterms to absorb  - dependence.Λ

- Potential corrections added perturbatively beyond LO.

• We have found:

- A Bayesian approach is advantageous to infer LECs at LO.

- Accurate description of  scattering up to  at 
.

np 100 MeV
N3LO

Summary

25

T (1) = + + +

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>

V (1)
NN

<latexit sha1_base64="zfS/HUm6i0akC1eFytdMQpmcZyE=">AAACEXicbVBLTsMwFHT4lvALIFZsLCqksqkSVAHLCjasqiLRj9SGyHGc1qrtRLGDVFk5BSdgCydgh9hyAg7APUjaLmjLSJZGM+/Z4/FjRqWy7W9jZXVtfWOztGVu7+zu7VsHh20ZpQkmLRyxKOn6SBJGBWkpqhjpxglB3Gek449uC7/zRBJJI/GgxjFxORoIGlKMVC551nH7UVec88zTfY7UMOG60cgyzyrbVXsCuEycGSmDGZqe9dMPIpxyIhRmSMqeY8fK1ShRFDOSmf1UkhjhERqQXk4F4kS6ehI/g2e5EsAwSvIjFJyofzc04lKOuZ9PFhnloleI/3m9VIXXrqYiThURePpQmDKoIlh0AQOaEKzYGM7d6PO5vFrmHxqSIIOmmffiLLawTNoXVeeyWruvles3s4ZK4AScggpwwBWogzvQBC2AgQYv4BW8Gc/Gu/FhfE5HV4zZzhGYg/H1C463nNU=</latexit>
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• Modified PC:

- Extra counterterms to absorb  - dependence.Λ

- Potential corrections added perturbatively beyond LO.

• We have found:

- A Bayesian approach is advantageous to infer LECs at LO.

- Accurate description of  scattering up to  at 
.

np 100 MeV
N3LO

- Satisfactory low-energy behavior of amplitudes.

Summary
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Outlook
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Outlook
• Todo list: 


• Bayesian inference of  LECs to . 


• Implement perturbative bound-state calculations.

N3LO
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Outlook
• Todo list: 


• Bayesian inference of  LECs to . 


• Implement perturbative bound-state calculations.

N3LO

• Study:


• Quantitative (statistical) many-body predictions.


• Breakdown scale of EFT.


• Impact of -resonance.


• RG-invariance.

χ

Δ
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Outlook
• Todo list: 


• Bayesian inference of  LECs to . 
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• Quantitative (statistical) many-body predictions.
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• Impact of -resonance.


• RG-invariance.
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Thank you!



Discussion points

1. What are the advantages/disadvantages of treating sub-leading interactions 
in perturbation theory for light and heavy systems respectively?


2. Can perturbative computations of observables contribute to learning about 
the LO interaction?


3. What can be gained from connecting perturbative unitarity breaking and 
EFT errors?


4. How much should including ’s affect the breakdown scale in ? Δ χEFT
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Extra slides
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Weinberg PC
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MWPC by Long and Yang
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Predicted scattering observables
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Low-energy behavior: 1S0
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Low-energy behavior:  (no CIB)3S1
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