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Lattice QCD can provide complementary information for these channels
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LQCD is a nonperturbative approach based on the 
path-integral formalism, where QCD is solved on a 
discretized finite volume
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There are two different approaches:

- The potential method (presented by Prof. T. Doi)

- The direct method

Lattice QCD
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With the direct method, the finite-volume energy levels are extracted from 
two-point correlation functions

Lattice QCD
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CB1B2(t,p)
Input: spatial structure of 

operators with specific 
quantum numbers

With the direct method, the finite-volume energy levels are extracted from 
two-point correlation functions

Lattice QCD
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CB(t,p)
<latexit sha1_base64="epqgGdIJ88JgVrF+XV+Vo1m1beQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkhJSlGXpd24rGAf0IYwmU7aoZNJmJkIJcSNv+LGhSJu/Qt3/o2TNgttPXDhcM693HuPFzEqlWV9G4W19Y3NreJ2aWd3b//APDzqyjAWmHRwyELR95AkjHLSUVQx0o8EQYHHSM+btjK/90CEpCG/V7OIOAEac+pTjJSWXPOk5SZN1266tbSiLocBUhPPT6L0wjXLVtWaA64SOydlkKPtml/DUYjjgHCFGZJyYFuRchIkFMWMpKVhLEmE8BSNyUBTjgIinWT+QQrPtTKCfih0cQXn6u+JBAVSzgJPd2YnymUvE//zBrHyb5yE8ihWhOPFIj9mUIUwiwOOqCBYsZkmCAuqb4V4ggTCSodW0iHYyy+vkm6tal9V63f1cqOZx1EEp+AMVIANrkED3II26AAMHsEzeAVvxpPxYrwbH4vWgpHPHIM/MD5/ABXglgo=</latexit>

CB1B2(t,p)
Input: spatial structure of 

operators with specific 
quantum numbers

With the direct method, the finite-volume energy levels are extracted from 
two-point correlation functions

Lattice QCD

t

C
(t

)

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit> E



3

k⇤ cot �

<latexit sha1_base64="kDs5nE90jqw7JTuYM1saXRHOWa0=">AAACBHicbVDLSsNAFJ3UV62vqks3wSKIi5JIRd0V3LisYB/QxDKZTNqhM5k4cyOU0K2/4Fb37sSt/+HWL3HaZmFbD1w4nHMv53KChDMNjvNtFVZW19Y3ipulre2d3b3y/kFLy1QR2iSSS9UJsKacxbQJDDjtJIpiEXDaDoY3E7/9RJVmMr6HUUJ9gfsxixjBYCR/+HDmEQleSDngXrniVJ0p7GXi5qSCcjR65R8vlCQVNAbCsdZd10nAz7ACRjgdl7xU0wSTIe7TrqExFlT72fTpsX1ilNCOpDITgz1V/15kWGg9EoHZFBgGetGbiP953RSiKz9jcZICjcksKEq5DdKeNGCHTFECfGQIJoqZX20ywAoTMD3NpQRiXDKluIsVLJPWedWtVS/uapX6dV5PER2hY3SKXHSJ6ugWNVATEfSIXtArerOerXfrw/qcrRas/OYQzcH6+gUMTJic</latexit>

B

<latexit sha1_base64="KDLVwLQy9k76X88Vi+WmDlqYDYk=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiSiqLuiG5ct2Ae0oUymt+3QySTMTIQS+gWCK/0Td+LWf/BHXDtts7CtBy4czrkvThALro3rfju5tfWNza38dmFnd2//oHh41NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6H7qN59QaR7JRzOO0Q/pQPI+Z9RYqXbXLZbcsjsDWSVeRkqQodot/nR6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nT06IWdW6ZF+pGxJQ2bq34mUhlqPw8B2htQM9bI3Ff/1GJUMxdJ107/xUy7jxKBk8+P9RBATkWkSpMcVMiPGllCmuP2fsCFVlBmb18L2IJwUbFDeciyrpHFR9i7LV7XLUuU2iywPJ3AK5+DBNVTgAapQBwYIz/AKb86L8+58OJ/z1pyTzRzDApyvX1ZTm8A=</latexit>

Lüscher’s 
method

�En

<latexit sha1_base64="nxSeSyvw8+vgy8V0AS8zNT0l388=">AAACJHicbVDLSsNAFJ3Ud31FXbhwM1gEVyWRirorqOBSwWrBlHIzvWmHTiZhZiKUkK8RXOmfuBMXbvwM105rFlo9MHA4577mhKng2njeu1OZmZ2bX1hcqi6vrK6tuxubNzrJFMMWS0Si2iFoFFxiy3AjsJ0qhDgUeBsOT8f+7T0qzRN5bUYpdmLoSx5xBsZKXXc7OENhgJ538yAGM4gUDHNZFF235tW9Cehf4pekRkpcdt3PoJewLEZpmACt73wvNZ0clOFMYFENMo0psCH08c5SCTHqTj75QEH3rNKjUaLsk4ZO1J8dOcRaj+LQVo6P1NPeWPzXYyAZiqntJjru5FymmUHJvpdHmaAmoeOEaI8rZEaMLAGmuL2fsgEoYMbm+Gt6GBdVG5Q/HctfcnNQ9xv1w6tGrXlSRrZIdsgu2Sc+OSJNckEuSYswUpAH8kSenUfnxXl13r5LK07Zs0V+wfn4AvrPpZ0=</latexit>

Fit temporal 
dependence

<latexit sha1_base64="iGdKNyvzRPioGaYwXCQGH0NDPJ0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoiRV2WduOygn1AG8JkOmmHTiZhZiKEEH/FjQtF3Poh7vwbJ20W2npg4HDOvdwzx4sYlcqyvo3SxubW9k55t7K3f3B4ZB6f9GUYC0x6OGShGHpIEkY56SmqGBlGgqDAY2TgzTu5P3gkQtKQP6gkIk6Appz6FCOlJdesdty0ndXV5ThAaub5aZRduGbNalgLwHViF6QGCnRd82s8CXEcEK4wQ1KObCtSToqEopiRrDKOJYkQnqMpGWnKUUCkky7CZ/BcKxPoh0I/ruBC/b2RokDKJPD0ZB5Rrnq5+J83ipV/66SUR7EiHC8P+TGDKoR5E3BCBcGKJZogLKjOCvEMCYSV7quiS7BXv7xO+lcN+7rRvG/WWu2ijjI4BWegDmxwA1rgDnRBD2CQgGfwCt6MJ+PFeDc+lqMlo9ipgj8wPn8AIzaUdQ==</latexit>

CB(t,p)
<latexit sha1_base64="epqgGdIJ88JgVrF+XV+Vo1m1beQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkhJSlGXpd24rGAf0IYwmU7aoZNJmJkIJcSNv+LGhSJu/Qt3/o2TNgttPXDhcM693HuPFzEqlWV9G4W19Y3NreJ2aWd3b//APDzqyjAWmHRwyELR95AkjHLSUVQx0o8EQYHHSM+btjK/90CEpCG/V7OIOAEac+pTjJSWXPOk5SZN1266tbSiLocBUhPPT6L0wjXLVtWaA64SOydlkKPtml/DUYjjgHCFGZJyYFuRchIkFMWMpKVhLEmE8BSNyUBTjgIinWT+QQrPtTKCfih0cQXn6u+JBAVSzgJPd2YnymUvE//zBrHyb5yE8ihWhOPFIj9mUIUwiwOOqCBYsZkmCAuqb4V4ggTCSodW0iHYyy+vkm6tal9V63f1cqOZx1EEp+AMVIANrkED3II26AAMHsEzeAVvxpPxYrwbH4vWgpHPHIM/MD5/ABXglgo=</latexit>

CB1B2(t,p)
Input: spatial structure of 

operators with specific 
quantum numbers

With the direct method, the finite-volume energy levels are extracted from 
two-point correlation functions

Lattice QCD

t

C
(t

)

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit> E
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±



3

k⇤ cot �

<latexit sha1_base64="kDs5nE90jqw7JTuYM1saXRHOWa0=">AAACBHicbVDLSsNAFJ3UV62vqks3wSKIi5JIRd0V3LisYB/QxDKZTNqhM5k4cyOU0K2/4Fb37sSt/+HWL3HaZmFbD1w4nHMv53KChDMNjvNtFVZW19Y3ipulre2d3b3y/kFLy1QR2iSSS9UJsKacxbQJDDjtJIpiEXDaDoY3E7/9RJVmMr6HUUJ9gfsxixjBYCR/+HDmEQleSDngXrniVJ0p7GXi5qSCcjR65R8vlCQVNAbCsdZd10nAz7ACRjgdl7xU0wSTIe7TrqExFlT72fTpsX1ilNCOpDITgz1V/15kWGg9EoHZFBgGetGbiP953RSiKz9jcZICjcksKEq5DdKeNGCHTFECfGQIJoqZX20ywAoTMD3NpQRiXDKluIsVLJPWedWtVS/uapX6dV5PER2hY3SKXHSJ6ugWNVATEfSIXtArerOerXfrw/qcrRas/OYQzcH6+gUMTJic</latexit>

B

<latexit sha1_base64="KDLVwLQy9k76X88Vi+WmDlqYDYk=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiSiqLuiG5ct2Ae0oUymt+3QySTMTIQS+gWCK/0Td+LWf/BHXDtts7CtBy4czrkvThALro3rfju5tfWNza38dmFnd2//oHh41NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6H7qN59QaR7JRzOO0Q/pQPI+Z9RYqXbXLZbcsjsDWSVeRkqQodot/nR6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nT06IWdW6ZF+pGxJQ2bq34mUhlqPw8B2htQM9bI3Ff/1GJUMxdJ107/xUy7jxKBk8+P9RBATkWkSpMcVMiPGllCmuP2fsCFVlBmb18L2IJwUbFDeciyrpHFR9i7LV7XLUuU2iywPJ3AK5+DBNVTgAapQBwYIz/AKb86L8+58OJ/z1pyTzRzDApyvX1ZTm8A=</latexit>

Lüscher’s 
method

�En

<latexit sha1_base64="nxSeSyvw8+vgy8V0AS8zNT0l388=">AAACJHicbVDLSsNAFJ3Ud31FXbhwM1gEVyWRirorqOBSwWrBlHIzvWmHTiZhZiKUkK8RXOmfuBMXbvwM105rFlo9MHA4577mhKng2njeu1OZmZ2bX1hcqi6vrK6tuxubNzrJFMMWS0Si2iFoFFxiy3AjsJ0qhDgUeBsOT8f+7T0qzRN5bUYpdmLoSx5xBsZKXXc7OENhgJ538yAGM4gUDHNZFF235tW9Cehf4pekRkpcdt3PoJewLEZpmACt73wvNZ0clOFMYFENMo0psCH08c5SCTHqTj75QEH3rNKjUaLsk4ZO1J8dOcRaj+LQVo6P1NPeWPzXYyAZiqntJjru5FymmUHJvpdHmaAmoeOEaI8rZEaMLAGmuL2fsgEoYMbm+Gt6GBdVG5Q/HctfcnNQ9xv1w6tGrXlSRrZIdsgu2Sc+OSJNckEuSYswUpAH8kSenUfnxXl13r5LK07Zs0V+wfn4AvrPpZ0=</latexit>

Fit temporal 
dependence

<latexit sha1_base64="iGdKNyvzRPioGaYwXCQGH0NDPJ0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoiRV2WduOygn1AG8JkOmmHTiZhZiKEEH/FjQtF3Poh7vwbJ20W2npg4HDOvdwzx4sYlcqyvo3SxubW9k55t7K3f3B4ZB6f9GUYC0x6OGShGHpIEkY56SmqGBlGgqDAY2TgzTu5P3gkQtKQP6gkIk6Appz6FCOlJdesdty0ndXV5ThAaub5aZRduGbNalgLwHViF6QGCnRd82s8CXEcEK4wQ1KObCtSToqEopiRrDKOJYkQnqMpGWnKUUCkky7CZ/BcKxPoh0I/ruBC/b2RokDKJPD0ZB5Rrnq5+J83ipV/66SUR7EiHC8P+TGDKoR5E3BCBcGKJZogLKjOCvEMCYSV7quiS7BXv7xO+lcN+7rRvG/WWu2ijjI4BWegDmxwA1rgDnRBD2CQgGfwCt6MJ+PFeDc+lqMlo9ipgj8wPn8AIzaUdQ==</latexit>

CB(t,p)
<latexit sha1_base64="epqgGdIJ88JgVrF+XV+Vo1m1beQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkhJSlGXpd24rGAf0IYwmU7aoZNJmJkIJcSNv+LGhSJu/Qt3/o2TNgttPXDhcM693HuPFzEqlWV9G4W19Y3NreJ2aWd3b//APDzqyjAWmHRwyELR95AkjHLSUVQx0o8EQYHHSM+btjK/90CEpCG/V7OIOAEac+pTjJSWXPOk5SZN1266tbSiLocBUhPPT6L0wjXLVtWaA64SOydlkKPtml/DUYjjgHCFGZJyYFuRchIkFMWMpKVhLEmE8BSNyUBTjgIinWT+QQrPtTKCfih0cQXn6u+JBAVSzgJPd2YnymUvE//zBrHyb5yE8ihWhOPFIj9mUIUwiwOOqCBYsZkmCAuqb4V4ggTCSodW0iHYyy+vkm6tal9V63f1cqOZx1EEp+AMVIANrkED3II26AAMHsEzeAVvxpPxYrwbH4vWgpHPHIM/MD5/ABXglgo=</latexit>

CB1B2(t,p)
Input: spatial structure of 

operators with specific 
quantum numbers

With the direct method, the finite-volume energy levels are extracted from 
two-point correlation functions

Lattice QCD

t

C
(t

)

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit> E
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3

k⇤ cot �

<latexit sha1_base64="kDs5nE90jqw7JTuYM1saXRHOWa0=">AAACBHicbVDLSsNAFJ3UV62vqks3wSKIi5JIRd0V3LisYB/QxDKZTNqhM5k4cyOU0K2/4Fb37sSt/+HWL3HaZmFbD1w4nHMv53KChDMNjvNtFVZW19Y3ipulre2d3b3y/kFLy1QR2iSSS9UJsKacxbQJDDjtJIpiEXDaDoY3E7/9RJVmMr6HUUJ9gfsxixjBYCR/+HDmEQleSDngXrniVJ0p7GXi5qSCcjR65R8vlCQVNAbCsdZd10nAz7ACRjgdl7xU0wSTIe7TrqExFlT72fTpsX1ilNCOpDITgz1V/15kWGg9EoHZFBgGetGbiP953RSiKz9jcZICjcksKEq5DdKeNGCHTFECfGQIJoqZX20ywAoTMD3NpQRiXDKluIsVLJPWedWtVS/uapX6dV5PER2hY3SKXHSJ6ugWNVATEfSIXtArerOerXfrw/qcrRas/OYQzcH6+gUMTJic</latexit>

B

<latexit sha1_base64="KDLVwLQy9k76X88Vi+WmDlqYDYk=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiSiqLuiG5ct2Ae0oUymt+3QySTMTIQS+gWCK/0Td+LWf/BHXDtts7CtBy4czrkvThALro3rfju5tfWNza38dmFnd2//oHh41NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6H7qN59QaR7JRzOO0Q/pQPI+Z9RYqXbXLZbcsjsDWSVeRkqQodot/nR6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nT06IWdW6ZF+pGxJQ2bq34mUhlqPw8B2htQM9bI3Ff/1GJUMxdJ107/xUy7jxKBk8+P9RBATkWkSpMcVMiPGllCmuP2fsCFVlBmb18L2IJwUbFDeciyrpHFR9i7LV7XLUuU2iywPJ3AK5+DBNVTgAapQBwYIz/AKb86L8+58OJ/z1pyTzRzDApyvX1ZTm8A=</latexit>

Lüscher’s 
method

�En

<latexit sha1_base64="nxSeSyvw8+vgy8V0AS8zNT0l388=">AAACJHicbVDLSsNAFJ3Ud31FXbhwM1gEVyWRirorqOBSwWrBlHIzvWmHTiZhZiKUkK8RXOmfuBMXbvwM105rFlo9MHA4577mhKng2njeu1OZmZ2bX1hcqi6vrK6tuxubNzrJFMMWS0Si2iFoFFxiy3AjsJ0qhDgUeBsOT8f+7T0qzRN5bUYpdmLoSx5xBsZKXXc7OENhgJ538yAGM4gUDHNZFF235tW9Cehf4pekRkpcdt3PoJewLEZpmACt73wvNZ0clOFMYFENMo0psCH08c5SCTHqTj75QEH3rNKjUaLsk4ZO1J8dOcRaj+LQVo6P1NPeWPzXYyAZiqntJjru5FymmUHJvpdHmaAmoeOEaI8rZEaMLAGmuL2fsgEoYMbm+Gt6GBdVG5Q/HctfcnNQ9xv1w6tGrXlSRrZIdsgu2Sc+OSJNckEuSYswUpAH8kSenUfnxXl13r5LK07Zs0V+wfn4AvrPpZ0=</latexit>

Fit temporal 
dependence

<latexit sha1_base64="iGdKNyvzRPioGaYwXCQGH0NDPJ0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoiRV2WduOygn1AG8JkOmmHTiZhZiKEEH/FjQtF3Poh7vwbJ20W2npg4HDOvdwzx4sYlcqyvo3SxubW9k55t7K3f3B4ZB6f9GUYC0x6OGShGHpIEkY56SmqGBlGgqDAY2TgzTu5P3gkQtKQP6gkIk6Appz6FCOlJdesdty0ndXV5ThAaub5aZRduGbNalgLwHViF6QGCnRd82s8CXEcEK4wQ1KObCtSToqEopiRrDKOJYkQnqMpGWnKUUCkky7CZ/BcKxPoh0I/ruBC/b2RokDKJPD0ZB5Rrnq5+J83ipV/66SUR7EiHC8P+TGDKoR5E3BCBcGKJZogLKjOCvEMCYSV7quiS7BXv7xO+lcN+7rRvG/WWu2ijjI4BWegDmxwA1rgDnRBD2CQgGfwCt6MJ+PFeDc+lqMlo9ipgj8wPn8AIzaUdQ==</latexit>

CB(t,p)
<latexit sha1_base64="epqgGdIJ88JgVrF+XV+Vo1m1beQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkhJSlGXpd24rGAf0IYwmU7aoZNJmJkIJcSNv+LGhSJu/Qt3/o2TNgttPXDhcM693HuPFzEqlWV9G4W19Y3NreJ2aWd3b//APDzqyjAWmHRwyELR95AkjHLSUVQx0o8EQYHHSM+btjK/90CEpCG/V7OIOAEac+pTjJSWXPOk5SZN1266tbSiLocBUhPPT6L0wjXLVtWaA64SOydlkKPtml/DUYjjgHCFGZJyYFuRchIkFMWMpKVhLEmE8BSNyUBTjgIinWT+QQrPtTKCfih0cQXn6u+JBAVSzgJPd2YnymUvE//zBrHyb5yE8ihWhOPFIj9mUIUwiwOOqCBYsZkmCAuqb4V4ggTCSodW0iHYyy+vkm6tal9V63f1cqOZx1EEp+AMVIANrkED3II26AAMHsEzeAVvxpPxYrwbH4vWgpHPHIM/MD5/ABXglgo=</latexit>

CB1B2(t,p)
Input: spatial structure of 

operators with specific 
quantum numbers

With the direct method, the finite-volume energy levels are extracted from 
two-point correlation functions

Lattice QCD

t

C
(t

)
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Traditionally, calculations were performed with asymmetrical correlators 
(different source and sink operators), leading to bound NN systems
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He

Are we identifying the ground state, or these are 
contaminated by excited states?

Is there an operator dependence of these energy 
levels?

A possible answer to these questions might be 
found through a variational analysis
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The first variational calculations appeared in 2018 by the Mainz group, 
and additional studies were performed in 2020-21 by CalLat and NPLQCD
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2mN



7

<latexit sha1_base64="OrMOp1yycB786jZfG+DrQINZ3PU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHSMwDkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/loxkn6Ed0IHnIGTVWqtdv3F6x5JbdOcgq8TJSggy1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSvCh7l+XKQ6VUvc3iyMMJnMI5eHAFVbiHGjSAwQCe4RXeHOG8OO/Ox6I152Qzx/AHzucPoQONYQ==</latexit>

S = 0 sector

Hermitian matrices with three operators:

Unbound 
<latexit sha1_base64="9Cd85GZMlzM1FItR2/KJcsStH3k=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkoiRQUvRS+eSkX7AW0sm+2mXbrZxN1NoYT+Di8eFPHqj/Hmv3Hb5qCtDwYe780wM8+LOFPatr+tzMrq2vpGdjO3tb2zu5ffP2ioMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xveTP3miErFQvGgxxF1A9wXzGcEayO51SrqXKHio3PftU+7+YJdsmdAy8RJSQFS1Lr5r04vJHFAhSYcK9V27Ei7CZaaEU4nuU6saITJEPdp21CBA6rcZHb0BJ0YpYf8UJoSGs3U3xMJDpQaB57pDLAeqEVvKv7ntWPtX7oJE1GsqSDzRX7MkQ7RNAHUY5ISzceGYCKZuRWRAZaYaJNTzoTgLL68TBpnJee8VL4rFyrXaRxZOIJjKIIDF1CBW6hBHQg8wTO8wps1sl6sd+tj3pqx0plD+APr8wfe0JA6</latexit>

NN (1S0)

□

□

□

□

□

□

□

▽▽

○

○

○

○

○

○

○

○

○

○○

○

○

○○

□ ○ ▽
0.00

0.05

0.10

0.15

0.20

Amarasinghe et al. [NPLQCD], arXiv:2108.10835 [hep-lat]

- Hexaquark
- Dibaryon
- Quasilocal EFT inspired, with wavefunction 

that decays exponentially

The first variational calculations appeared in 2018 by the Mainz group, 
and additional studies were performed in 2020-21 by CalLat and NPLQCD
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<latexit sha1_base64="OrMOp1yycB786jZfG+DrQINZ3PU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHSMwDkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/loxkn6Ed0IHnIGTVWqtdv3F6x5JbdOcgq8TJSggy1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSvCh7l+XKQ6VUvc3iyMMJnMI5eHAFVbiHGjSAwQCe4RXeHOG8OO/Ox6I152Qzx/AHzucPoQONYQ==</latexit>

S = 0 sector

Amarasinghe et al. [NPLQCD], arXiv:2108.10835 [hep-lat]

□□

□□

□□□□

□□

□□

□□

□□

□

□□

□

□

□

□

○

○
○

○

○

○

○

△

△

△

△

△

△

△

▽

▽

▽
▽

▽

▽

▽

◇

◇

◇
◇

◇

◇

◇

▯

▯

▯

▯

▯

▯

▯

◦

◦

◦
◦

◦

◦

◦

□

□

□

□

□

□

□

0.00

0.05

0.10

0.15

□

□

□

□

□

□

□

▽▽

○

○

○

○

○

○

○

○

○

○○

○

○

○○

□ ○ ▽
0.00

0.05

0.10

0.15

0.20

Energy levels disappear when the 
operator with the corresponding 
larger overlap is removed

<latexit sha1_base64="hzqvzENr7CtNWGZ7PIwExWeRNnM=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPSRwOOde7r0nTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5dw9/rlilf15sCrxM9JBXI0+uWv3kDRNGbSUkGM6fpeYoOMaMupYNNSLzUsIXRMhqzrqCQxM0E233aKz5wywJHS7kuL5+rvjozExkzi0FXGxI7MsjcT//O6qY2ug4zLJLVM0sWgKBXYKjw7HQ+4ZtSKiSOEau52xXRENKHWBVRyIfjLJ6+S1kXVv6zW7muV+k0eRxFO4BTOwYcrqMMdNKAJFB7hGV7hDSn0gt7Rx6K0gPKeY/gD9PkDmqKPKQ==</latexit>⇡⇡
<latexit sha1_base64="INq081dhKmVJb3+5eacWdd7j0Dg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF09SwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPtBzIbVmlt3c6BV4hWkBgVaw+rXYBSRRFBpCMda9z03Nn6KlWGE03llkGgaYzLFY9q3VGJBtZ/mt87RmVVGKIyULWlQrv6eSLHQeiYC2ymwmehlLxP/8/qJCa/9lMk4MVSSxaIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7EheMsvr5LORd27rDceGrXmTRFHGU7gFM7Bgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A7rWOLg==</latexit>

N⇡

Dudek et al. [HadSpec], PRD87 (2013)

Wislon et al. [HadSpec], PRD92 (2015)

Lang, Verduci, PRD87 (2013)

Kiratidis et al., PRD91 (2015)

Are we still missing operators?

Large interpolating-operator 
depence is observed

The first variational calculations appeared in 2018 by the Mainz group, 
and additional studies were performed in 2020-21 by CalLat and NPLQCD
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Are we missing operators?

Option a) There is a deep-bound state, but the current operators have 
               a small overlap Amarasinghe et al. [NPLQCD], arXiv:2108.10835 [hep-lat]
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Are we missing operators?

Option a) There is a deep-bound state, but the current operators have 
               a small overlap

<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘
<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

�

Amarasinghe et al. [NPLQCD], arXiv:2108.10835 [hep-lat]
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Are we missing operators?

Option a) There is a deep-bound state, but the current operators have 
               a small overlap

<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘
<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

�

Amarasinghe et al. [NPLQCD], arXiv:2108.10835 [hep-lat]
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Are we missing operators?

Option a) There is a deep-bound state, but the current operators have 
               a small overlap

<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘
<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

�

Amarasinghe et al. [NPLQCD], arXiv:2108.10835 [hep-lat]

Option b) There is no deep-bound state, however…

Volume independence of the ground state

Analysis of the phase-shifts and checks on scattering parameters

Consistency in scalar ME extraction between different methods

Agreement with large-Nc predition of an SU(6) symmetry

Agreeing values for the magnetic moments and               cross section
<latexit sha1_base64="na/GJfJ/tk2ITec2dEUU24HKMAc=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaWCabTbt0dxN2N0oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZemHKmjet+O6WV1bX1jfJmZWt7Z3evun/Q1kmmCG2RhCeqG4KmnEnaMsxw2k0VBRFy2glHN1O/80iVZom8N+OUBgIGksWMgLHSg0x9k+DIH4AQgPvVmlt3Z8DLxCtIDRVo9qtffpSQTFBpCAete56bmiAHZRjhdFLxM01TICMY0J6lEgTVQT67eoJPrBLhOFG2pMEz9fdEDkLrsQhtpwAz1IveVPzP62UmvgpyJtPMUEnmi+KMY/vpNAIcMUWJ4WNLgChmb8VkCAqIsUFVbAje4svLpH1W9y7q53fntcZ1EUcZHaFjdIo8dIka6BY1UQsRpNAzekVvzpPz4rw7H/PWklPMHKI/cD5/APukki8=</latexit>

np ! d�
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Are we missing operators?

Figure from Davoudi et al., Phys. Rep. 900 (2020)
Data from Beane et al. [NPLQCD], PRD87 (2013) and Barnea et al., PRL114 (2015)

Symbiotic relationship between LQCD and EFT

Match Verify Predict

EFT

LQCD

-200

-150

-100

-50

0

<latexit sha1_base64="NafIOic/DPxrxo+xOyJIWIGgBgM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmk1IKbohs3QgX7gCaEyXTSDp2ZhJmJUELBjb/ixoUibv0Jd/6N0zYLbT1w4XDOvdx7T5gwqrTjfFuFldW19Y3iZmlre2d3z94/aKs4lZi0cMxi2Q2RIowK0tJUM9JNJEE8ZKQTjq6nfueBSEVjca/HCfE5GggaUYy0kQL7iAdeQqGnKId1p+ZdwsyTHN6S9iSwy07FmQEuEzcnZZCjGdhfXj/GKSdCY4aU6rlOov0MSU0xI5OSlyqSIDxCA9IzVCBOlJ/NfpjAU6P0YRRLU0LDmfp7IkNcqTEPTSdHeqgWvan4n9dLdVT3MyqSVBOB54uilEEdw2kgsE8lwZqNDUFYUnMrxEMkEdYmtpIJwV18eZm0zyturVK9q5YbV3kcRXAMTsAZcMEFaIAb0AQtgMEjeAav4M16sl6sd+tj3lqw8plD8AfW5w+5f5ZO</latexit>

m⇡ ⇠ 806 MeV

Constrain 2 and 3-body nuclear forces, compare 4-body system as a 
check, and predict larger nuclei

Extensions to 16O and 40Ca
Contessi et al., PLB772 (2017)

Bansal et al., PRC98 (2018)
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<latexit sha1_base64="NafIOic/DPxrxo+xOyJIWIGgBgM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmk1IKbohs3QgX7gCaEyXTSDp2ZhJmJUELBjb/ixoUibv0Jd/6N0zYLbT1w4XDOvdx7T5gwqrTjfFuFldW19Y3iZmlre2d3z94/aKs4lZi0cMxi2Q2RIowK0tJUM9JNJEE8ZKQTjq6nfueBSEVjca/HCfE5GggaUYy0kQL7iAdeQqGnKId1p+ZdwsyTHN6S9iSwy07FmQEuEzcnZZCjGdhfXj/GKSdCY4aU6rlOov0MSU0xI5OSlyqSIDxCA9IzVCBOlJ/NfpjAU6P0YRRLU0LDmfp7IkNcqTEPTSdHeqgWvan4n9dLdVT3MyqSVBOB54uilEEdw2kgsE8lwZqNDUFYUnMrxEMkEdYmtpIJwV18eZm0zyturVK9q5YbV3kcRXAMTsAZcMEFaIAb0AQtgMEjeAav4M16sl6sd+tj3lqw8plD8AfW5w+5f5ZO</latexit>

m⇡ ⇠ 806 MeV

Constrain 2 and 3-body nuclear forces, compare 4-body system as a 
check, and predict larger nuclei

Extensions to 16O and 40Ca
Contessi et al., PLB772 (2017)

Bansal et al., PRC98 (2018)

Possible to do the same with hypernuclei 
once  and  are extractedΛN ΛNN
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Are we missing operators?

Option c) These discrepancies arise from lattice spacing effects

first application of 
variational approach to BB

(with only dibaryon-like operators)

With the direct method, only NPLQCD had performed calculations of the H-
dibaryon channel unitl 2018 (the others were performed by HALQCD)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
m2

º [GeV2]

0

20

40

60

80

B
[M

eV
]



11

Are we missing operators?
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first application of 
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first extrapolation to the 
continuum for BB systems

<latexit sha1_base64="dx9A9YO9c3khdC8ArpNhyhYINRU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE1CJC0Y3LCvYBTSiT6aQdOpOEmYkQQv0VNy4UceuHuPNvnD4W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FJxKgltkpjHshNgRTmLaFMzzWknkRSLgNN2MLqd+O1HKhWLowedJdQXeBCxkBGsjdSzy/jaqTq1GvKuUO5JgUIx7tkVo02Blok7JxWYo9Gzv7x+TFJBI004VqrrOon2cyw1I5yOS16qaILJCA9o19AIC6r8fHr8GB0bpY/CWJqKNJqqvydyLJTKRGA6BdZDtehNxP+8bqrDSz9nUZJqGpHZojDlSMdokgTqM0mJ5pkhmEhmbkVkiCUm2uRVMiG4iy8vk9Zp1T2vnt2fVeo38ziKcAhHcAIuXEAd7qABTSCQwTO8wpv1ZL1Y79bHrLVgzWfK8AfW5w/wHJMN</latexit>

a = 0.099 fm
<latexit sha1_base64="BRjD+DuCTwItk35K/HZEq3MAqPE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUm0+ECEohuXFewDmlIm00k7dCYJMxMhhPorblwo4tYPceffOG2z0OqBC4dz7uXee/yYM6Ud58sqLC2vrK4V10sbm1vbO/buXktFiSS0SSIeyY6PFeUspE3NNKedWFIsfE7b/vhm6rcfqFQsCu91GtOewMOQBYxgbaS+XcZXTtU5uUDeJco8KVAgJn27YrQZ0F/i5qQCORp9+9MbRCQRNNSEY6W6rhPrXoalZoTTSclLFI0xGeMh7RoaYkFVL5sdP0GHRhmgIJKmQo1m6s+JDAulUuGbToH1SC16U/E/r5vo4LyXsTBONA3JfFGQcKQjNE0CDZikRPPUEEwkM7ciMsISE23yKpkQ3MWX/5LWcdU9rdbuapX6dR5HEfbhAI7AhTOowy00oAkEUniCF3i1Hq1n6816n7cWrHymDL9gfXwD5raTBw==</latexit>

a = 0.039 fm

Green et al., PRL127 (2021)
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Are we missing operators?

Option c) These discrepancies arise from lattice spacing effects

first application of 
variational approach to BB

(with only dibaryon-like operators)

With the direct method, only NPLQCD had performed calculations of the H-
dibaryon channel unitl 2018 (the others were performed by HALQCD)
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first extrapolation to the 
continuum for BB systems

<latexit sha1_base64="dx9A9YO9c3khdC8ArpNhyhYINRU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE1CJC0Y3LCvYBTSiT6aQdOpOEmYkQQv0VNy4UceuHuPNvnD4W2nrgwuGce7n3niDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FJxKgltkpjHshNgRTmLaFMzzWknkRSLgNN2MLqd+O1HKhWLowedJdQXeBCxkBGsjdSzy/jaqTq1GvKuUO5JgUIx7tkVo02Blok7JxWYo9Gzv7x+TFJBI004VqrrOon2cyw1I5yOS16qaILJCA9o19AIC6r8fHr8GB0bpY/CWJqKNJqqvydyLJTKRGA6BdZDtehNxP+8bqrDSz9nUZJqGpHZojDlSMdokgTqM0mJ5pkhmEhmbkVkiCUm2uRVMiG4iy8vk9Zp1T2vnt2fVeo38ziKcAhHcAIuXEAd7qABTSCQwTO8wpv1ZL1Y79bHrLVgzWfK8AfW5w/wHJMN</latexit>

a = 0.099 fm
<latexit sha1_base64="BRjD+DuCTwItk35K/HZEq3MAqPE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUm0+ECEohuXFewDmlIm00k7dCYJMxMhhPorblwo4tYPceffOG2z0OqBC4dz7uXee/yYM6Ud58sqLC2vrK4V10sbm1vbO/buXktFiSS0SSIeyY6PFeUspE3NNKedWFIsfE7b/vhm6rcfqFQsCu91GtOewMOQBYxgbaS+XcZXTtU5uUDeJco8KVAgJn27YrQZ0F/i5qQCORp9+9MbRCQRNNSEY6W6rhPrXoalZoTTSclLFI0xGeMh7RoaYkFVL5sdP0GHRhmgIJKmQo1m6s+JDAulUuGbToH1SC16U/E/r5vo4LyXsTBONA3JfFGQcKQjNE0CDZikRPPUEEwkM7ciMsISE23yKpkQ3MWX/5LWcdU9rdbuapX6dR5HEfbhAI7AhTOowy00oAkEUniCF3i1Hq1n6816n7cWrHymDL9gfXwD5raTBw==</latexit>

a = 0.039 fm

Green et al., PRL127 (2021)

<latexit sha1_base64="CgV1L3PNnXEF5nNhdYe+GJ+XT+A=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFchaQWFUQounFZwT6gCWUynbRDZyZhZiKEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3njBhVGnX/bZWVtfWNzZLW+Xtnd29ffvgsK3iVGLSwjGLZTdEijAqSEtTzUg3kQTxkJFOOL6d+p1HIhWNxYPOEhJwNBQ0ohhpI/XtCrp2Ha92Bv0rmPuSw4hP+nbVddwZ4DLxClIFBZp9+8sfxDjlRGjMkFI9z010kCOpKWZkUvZTRRKEx2hIeoYKxIkK8tnxE3hilAGMYmlKaDhTf0/kiCuV8dB0cqRHatGbiv95vVRHl0FORZJqIvB8UZQyqGM4TQIOqCRYs8wQhCU1t0I8QhJhbfIqmxC8xZeXSbvmeOdO/b5ebdwUcZTAETgGp8ADF6AB7kATtAAGGXgGr+DNerJerHfrY966YhUzFfAH1ucP3VeTAQ==</latexit>

a = 0.123 fm



Summary

12

We can use LQCD to reach systems that are difficult for experimentalists 
(like strange systems)

Starting production for different baryon-baryon systems closer to the 
physical point (  ~170 MeV) with different volumesmπ

It is still not clear what the best operators are to include in a variational 
analysis for two-baryon systems

Ongoing study with additional operators and additional volumes at 
 ~ 806 MeVmπ

Beyond spectroscopy, matrix elements relevant for current experiments 
are being pursued (momentum fraction, -decay and -decay, scalar and 
tensor ME,…)

β ββ



Thank you

This project has received funding from the Helmholtz Institute Mainz and the European Union’s Horizon 2020 research and innovation 
programme under grant agreement No 824093.
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Are we missing operators?

Option a) There is a deep-bound state, but the current operators have
               a small overlap

<latexit sha1_base64="k/OlglcUWCpzbqqNX5iyxVOvQyg=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSK0UktSiroRqm5cVrAPbNoymU7aoZNJnJkIJeQf3Pgrblwo4taNO//GaRtBWw9cOJxzL/fe4wSUCGmaX1pqYXFpeSW9mllb39jc0rd36sIPOcI15FOfNx0oMCUM1ySRFDcDjqHnUNxwhpdjv3GPuSA+u5GjALc92GfEJQhKJXX1w9su60S583x8lrNxIAj1WcEWd1xG1tGP0CnFBTPf1bNm0ZzAmCdWQrIgQbWrf9o9H4UeZhJRKETLMgPZjiCXBFEcZ+xQ4ACiIezjlqIMeli0o8lPsXGglJ7h+lwVk8ZE/T0RQU+IkeeoTg/KgZj1xuJ/XiuU7mk7IiwIJWZousgNqSF9YxyQ0SMcI0lHikDEibrVQAPIIZIqxowKwZp9eZ7US0XruFi+LmcrF0kcabAH9kEOWOAEVMAVqIIaQOABPIEX8Ko9as/am/Y+bU1pycwu+APt4xtZt501</latexit>

Z(A)
n = (✏,

p
1� ✏2, 0)

<latexit sha1_base64="6/4JW6vNQEXniWofAMaoomA6j10=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopZaZUtSNUOrGZQX7wD6GTJq2oZnMmGSEMsw/uPFX3LhQxK0bd/6N6UPQ1gMXDufcy733uAGjUlnWl5FYWl5ZXUuupzY2t7Z3zN29mvRDgUkV+8wXDRdJwignVUUVI41AEOS5jNTd4eXYr98TIanPb9QoIG0P9TntUYyUlhzz+NbhnShTzsYXmRYJJGU+z1m5lrwTKrJPfqROIc46ZtrKWxPARWLPSBrMUHHMz1bXx6FHuMIMSdm0rUC1IyQUxYzEqVYoSYDwEPVJU1OOPCLb0eSnGB5ppQt7vtDFFZyovyci5Ek58lzd6SE1kPPeWPzPa4aqd96OKA9CRTieLuqFDCofjgOCXSoIVmykCcKC6lshHiCBsNIxpnQI9vzLi6RWyNun+eJ1MV0qz+JIggNwCDLABmegBK5ABVQBBg/gCbyAV+PReDbejPdpa8KYzeyDPzA+vgFTcp02</latexit>

Z(B)
n = (✏, 0,

p
1� ✏2)Toy model:

<latexit sha1_base64="JcpA6sxMnWl2AKNktx47VUs7kpA=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTEI8WDYlaBehBgVPEYwD0himJ10kiGzD2Z6hbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5oeAKbfvbmJtfWFxaTq2kV9fWNzbNre2KCiLJoMwCEciaSxUI7kMZOQqohRKo5wqouv3LkV99AKl44N/hIISmR7s+73BGUUstc/e6Zd/H2Yvi4fC8AUiPGlcgkLbMjJ2zx7BmiZOQDElQaplfjXbAIg98ZIIqVXfsEJsxlciZgGG6ESkIKevTLtQ19akHqhmP7x9aB1ppW51A6vLRGqu/J2LqKTXwXN3pUeypaW8k/ufVI+ycNWPuhxGCzyaLOpGwMLBGYVhtLoGhGGhCmeT6Vov1qKQMdWRpHYIz/fIsqRznnJNc/jafKRSTOFJkj+yTLHHIKSmQG1IiZcLII3kmr+TNeDJejHfjY9I6ZyQzO+QPjM8f/8eU1A==</latexit>

E(AB)
0 = ⌘ ��

<latexit sha1_base64="7wHgjf9MwXXIOxYv6NsJ4xiwM5g=">AAAB/3icbVDJSgNBEO2JW4xbVPDiZTAIESHMhKBehBgRPEYwCyRx6OmpJE16FrprhDDm4K948aCIV3/Dm39jZzlo9EHB470qquq5keAKLevLSC0sLi2vpFcza+sbm1vZ7Z26CmPJoMZCEcqmSxUIHkANOQpoRhKo7wpouIPLsd+4B6l4GNziMIKOT3sB73JGUUtOdu/KKd4l+YvK0ei8DUiP2x4IpE42ZxWsCcy/xJ6RHJmh6mQ/217IYh8CZIIq1bKtCDsJlciZgFGmHSuIKBvQHrQ0DagPqpNM7h+Zh1rxzG4odQVoTtSfEwn1lRr6ru70KfbVvDcW//NaMXbPOgkPohghYNNF3ViYGJrjMEyPS2AohppQJrm+1WR9KilDHVlGh2DPv/yX1IsF+6RQuinlypVZHGmyTw5IntjklJTJNamSGmHkgTyRF/JqPBrPxpvxPm1NGbOZXfILxsc3MPCU9A==</latexit>

E(AB)
2 = ⌘ + �

<latexit sha1_base64="S12JbXsG3vFHVJAvPkPvFbwk9Vo=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeimJFPUi1IrgsYL9gDaGzXbSLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzPNjRqWy7W8jt7K6tr6R3yxsbe/sFs29/ZaMEkGgSSIWiY6PJTDKoamoYtCJBeDQZ9D2R9dTv/0IQtKI36txDG6IB5wGlGClJc8s3njOQ1q+qp9MLnugsGeW7Io9g7VMnIyUUIaGZ371+hFJQuCKMCxl17Fj5aZYKEoYTAq9REKMyQgPoKspxyFIN50dPrGOtdK3gkjo4sqaqb8nUhxKOQ593RliNZSL3lT8z+smKrhwU8rjRAEn80VBwiwVWdMUrD4VQBQba4KJoPpWiwyxwETprAo6BGfx5WXSOq04Z5XqXbVUq2dx5NEhOkJl5KBzVEO3qIGaiKAEPaNX9GY8GS/Gu/Exb80Z2cwB+gPj8wcesJIc</latexit>

E(AB)
1 = ⌘

<latexit sha1_base64="2tSuk2zBjwOYSf3tlBcjksbHEQw="></latexit>

�(AB)
0 = e�(t�t0)⌘[1 + ✏2(et� � et0�) +O(✏4)]

<latexit sha1_base64="p/P+6+QMOpTKZrhyipSwazSJgWg="></latexit>

�(AB)
1 = e�(t�t0)(⌘+�)[1 + ✏2(et(�+�)

� et0(�+�)) +O(✏4)]

<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘
<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

�
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Are we missing operators?

Option b) There is no deep-bound state, however…

<latexit sha1_base64="INaKGXCdAqifzvTGug+l38Wtl8I=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUBshaGNhEcF8QHKEvc1esmR379jdE8KRv2BjoYitf8jOf+NecoUmPhh4vDfDzLwg5kwb1/12CmvrG5tbxe3Szu7e/kH58Kito0QR2iIRj1Q3wJpyJmnLMMNpN1YUi4DTTjC5zfzOE1WaRfLRTGPqCzySLGQEm0y6v67VB+WKW3XnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP53fOkNnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMeOWnTMaJoZIsFoUJRyZC2eNoyBQlhk8twUQxeysiY6wwMTaekg3BW355lbRrVe+iWn+oVxo3eRxFOIFTOAcPLqEBd9CEFhAYwzO8wpsjnBfn3flYtBacfOYY/sD5/AEN442a</latexit>

L = 24
<latexit sha1_base64="ZKEY6bYUeSvTPuSO2pn2HZmy5pQ=">AAAB63icbVA9SwNBEJ3zM8avqKXNYhCswl0MaiMEbSwsIpgPSI6wt9lLluzuHbt7QjjyF2wsFLH1D9n5b9xLrtDEBwOP92aYmRfEnGnjut/Oyura+sZmYau4vbO7t186OGzpKFGENknEI9UJsKacSdo0zHDaiRXFIuC0HYxvM7/9RJVmkXw0k5j6Ag8lCxnBJpPur8+r/VLZrbgzoGXi5aQMORr90ldvEJFEUGkIx1p3PTc2foqVYYTTabGXaBpjMsZD2rVUYkG1n85unaJTqwxQGClb0qCZ+nsixULriQhsp8BmpBe9TPzP6yYmvPJTJuPEUEnmi8KEIxOh7HE0YIoSwyeWYKKYvRWREVaYGBtP0YbgLb68TFrVindRqT3UyvWbPI4CHMMJnIEHl1CHO2hAEwiM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEMYI2Z</latexit>

L = 32
<latexit sha1_base64="XY6F6xj+niWn+61bXcNM+g7qdDc=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe4kaBohaGNhEcF8QHKEvc1esmR379jdE8KRv2BjoYitf8jOf+NecoUmPhh4vDfDzLwg5kwb1/12CmvrG5tbxe3Szu7e/kH58Kito0QR2iIRj1Q3wJpyJmnLMMNpN1YUi4DTTjC5zfzOE1WaRfLRTGPqCzySLGQEm0y6v67VB+WKW3XnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP53fOkNnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMWPdTJuPEUEkWi8KEIxOh7HE0ZIoSw6eWYKKYvRWRMVaYGBtPyYbgLb+8StoXVe+yWnuoVRo3eRxFOIFTOAcPrqABd9CEFhAYwzO8wpsjnBfn3flYtBacfOYY/sD5/AEW/Y2g</latexit>

L = 48

<latexit sha1_base64="yEbo4+ahnXggn3N857OJdaLK/B4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEUIpqHJGuYncwmQ2Zml5lZISz5Ci8eFPHq53jzb5w8DppY0FBUddPdFcScaeO6305mZXVtfSO7mdva3tndy+8fNHSUKELrJOKRagVYU84krRtmOG3FimIRcNoMhtcTv/lElWaRvDejmPoC9yULGcHGSg/VavHRu+u6p918wS25U6Bl4s1JAeaodfNfnV5EEkGlIRxr3fbc2PgpVoYRTse5TqJpjMkQ92nbUokF1X46PXiMTqzSQ2GkbEmDpurviRQLrUcisJ0Cm4Fe9Cbif147MeGlnzIZJ4ZKMlsUJhyZCE2+Rz2mKDF8ZAkmitlbERlghYmxGeVsCN7iy8ukcVbyzkvl23KhcjWPIwtHcAxF8OACKnADNagDAQHP8ApvjnJenHfnY9aaceYzh/AHzucP+1aPOw==</latexit>

NN(1S0)

<latexit sha1_base64="NafIOic/DPxrxo+xOyJIWIGgBgM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmk1IKbohs3QgX7gCaEyXTSDp2ZhJmJUELBjb/ixoUibv0Jd/6N0zYLbT1w4XDOvdx7T5gwqrTjfFuFldW19Y3iZmlre2d3z94/aKs4lZi0cMxi2Q2RIowK0tJUM9JNJEE8ZKQTjq6nfueBSEVjca/HCfE5GggaUYy0kQL7iAdeQqGnKId1p+ZdwsyTHN6S9iSwy07FmQEuEzcnZZCjGdhfXj/GKSdCY4aU6rlOov0MSU0xI5OSlyqSIDxCA9IzVCBOlJ/NfpjAU6P0YRRLU0LDmfp7IkNcqTEPTSdHeqgWvan4n9dLdVT3MyqSVBOB54uilEEdw2kgsE8lwZqNDUFYUnMrxEMkEdYmtpIJwV18eZm0zyturVK9q5YbV3kcRXAMTsAZcMEFaIAb0AQtgMEjeAav4M16sl6sd+tj3lqw8plD8AfW5w+5f5ZO</latexit>

m⇡ ⇠ 806 MeV

Volume independence of the ground state

Wagman et al. [NPLQCD], PRD96 (2017)
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Analysis of the phase-shifts and 
checks on scattering parameters

Illa et al. [NPLQCD], PRD103 (2021)
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Direct 
calculation

Feynman-Hellmann 
approach
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�40(22)

Chang et al. [NPLQCD], 
PRL120 (2018) Beane et al., PRD89 (2014)

Consistency in scalar ME extraction
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Magnetic moments of light nuclei

Beane et al. [NPLQCD], PRL113 (2014)
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Are we missing operators?

Option b) There is no deep-bound state, however…
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Agreement with large-Nc predition of an SU(6) symmetry, and a larger SU(16) 
symmetry predicted by the conjecture that entanglement is minimized in low-
energy processes Beane, Kaplan, Klco, Savage, PRL122 (2019)
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Studying the BB interaction
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Studying the BB interaction
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Matrix elements for nuclear physics

Extraction of the momentum fraction of  in 
light nuclei

u − d

It can help constrain current experimental values, 
showing the potential for future calculations 
closer to the physical pion mass

Detmold et al. [NPLQCD], PRL126 (2021)
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The axial charge of the triton can be 
extrapolated to the physical point

Pionless EFT was used to extrapolate the 
finite-volume lattice result to infinite 
volume

Parreño et al. [NPLQCD], PRD103 (2021)


