
Marc Illa

Two-baryon interactions from 
lattice QCD

9th International Conference on Quarks and Nuclear Physics
6th September, 2022



a�1

<latexit sha1_base64="W6UQDMk4vKmInCbuZtuVU6HTS+s=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgxbArET0GvXiMYB6QrGF20knGzM4uM7NCWHLyB7zqH3gTr36JP+B3OEn2oNGChqKqm2oqiAXXxnU/ndzS8srqWn69sLG5tb1T3N1r6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0NfWbD6g0j+StGcfoh3QgeZ8zaqzUoHfpiTfpFktu2Z2B/CVeRkqQodYtfnV6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nX07IUdW6ZF+pOxIQ2bqz4uUhlqPw8BuhtQM9aI3Ff/1GJUMxUK66V/4KZdxYlCyeXg/EcREZFoH6XGFzIixJZQpbv8nbEgVZcaWVrDFeIs1/CWN07JXKZ/dVErVy6yiPBzAIRyDB+dQhWuoQR0Y3MMTPMOL8+i8Om/O+3w152Q3+/ALzsc3VIaXKA==</latexit>

r<latexit sha1_base64="XixRli9qzbsquYVPNZ342JFkTnE=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfagiQUNRVU31VSQCK6N6345hbX1jc2t4nZpZ3dv/6B8eNTScaoYNlksYtUJqEbBJTYNNwI7iUIaBQLbwfhu5rcfUWkeywczSdCP6FDykDNqrNRQ/XLFrbpzkFXi5aQCOer98ndvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mjU3JmlQEJY2VHGjJXf19kNNJ6EgV2M6JmpJe9mfivx6hkKJbSTXjjZ1wmqUHJFuFhKoiJyawJMuAKmRETSyhT3P5P2Igqyoztq2SL8ZZrWCWti6p3Wb1qXFZqt3lFRTiBUzgHD66hBvdQhyYwQHiGF3h1npw35935WKwWnPzmGP7A+fwB+j2VUw==</latexit>

2

updated from Dover and Feshbach, Ann. Phys. 198 (1990)

ALICE Collaboration, PLB 797 (2019)

50

100

150

200

250

np ! np Bowen, 61

Lisowski, 82

200 300 400 500 600 700

pp ! pp Barashenkov, 61 §p ! §p Piekenbrock, 67

Cline, 67

Alexander, 68

Sechi-Zorn, 68

Kadyk, 71

Hauptman, 77

700 800 900

plab (MeV/c)

§p ! ß0p Kadyk, 71

2

4

6

8

10

12

14
•°p ! §§ Ahn, 06

200 300 400 500 600 700

50

100

150

200

250

ß+p ! ß+p Dosch, 66

Eisele, 71

Ahn, 05

200 300 400 500 600 700

ß°p ! ß°p Dosch, 66

Eisele, 71

Kondo, 00

200 300 400 500 600 700

ß°p ! ß0n Engelmann, 66

Stephen, 70

200 300 400 500 600 700

ß°p ! §n Engelmann, 66

Stephen, 70

200 300 400 500 600 700

•°p ! •°p Ahn, 06

æ
(m

b
)

plab (MeV/c)

�
(m

b
)

<latexit sha1_base64="rB0zndLUhoG6whXUW9WZ5EPTH10=">AAACEnicbVBLSgNBFOzxG+MvKq7cNIaAbsKMRBTcBN24jGASITOEns5LbOzpGbrfiGHILbyAW72BO3HrBbyA57CTzEKjBQ+Kqvd4RYWJFAZd99OZm19YXFourBRX19Y3Nktb2y0Tp5pDk8cy1jchMyCFgiYKlHCTaGBRKKEd3l2M/fY9aCNidY3DBIKIDZToC87QSt3Srm/EIGLUP6MHPsIDZlE4OuyWym7VnYD+JV5OyiRHo1v68nsxTyNQyCUzpuO5CQYZ0yi4hFHRTw0kjN+xAXQsVSwCE2ST+CNasUqP9mNtRyGdqD8vMhYZM7S5aCVieGtmvbH4r8eZ4iBnvmP/NMiESlIExafP+6mkGNNxP7QnNHCUQ0sY18Lmp/yWacbRtli0xXizNfwlraOqV6seX9XK9fO8ogLZI/vkgHjkhNTJJWmQJuEkI0/kmbw4j86r8+a8T1fnnPxmh/yC8/EN3hWdVw==</latexit>

plab (MeV/c)

<latexit sha1_base64="GkmFsCpoDcbEHYhbXGVPxW0YchE=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBDiJe6KouBF9OJFiGCikA1hdtIxQ2Znl5leMSx79Tf8Aa/6B97Eq/gDfoeTZA8aLWioqeqmpyuIpTDoup/O1PTM7Nx8YaG4uLS8slpaW2+YKNEc6jySkb4JmAEpFNRRoISbWAMLAwnXQf9s6F/fgTYiUlc4iKEVslsluoIztFK7RON26iPcYypZkGXUP6aV8fsCGrs822mXym7VHYH+JV5OyiRHrV368jsRT0JQyCUzpum5MbZSplFwCVnRTwzEjPfZLTQtVSwE00pHl2R02yod2o20LYV0pP6cSFlozCAMbGfIsGcmvaH4r8eZ4iAntmP3qJUKFScIio+XdxNJMaLDqGhHaOAoB5YwroX9P+U9phlHG2jRBuNNxvCXNPaq3n714HK/fHKaR1Qgm2SLVIhHDskJOSc1UiecPJAn8kxenEfn1Xlz3setU04+s0F+wfn4Bv8IojI=</latexit>

Baryon-baryon interactions



a�1

<latexit sha1_base64="W6UQDMk4vKmInCbuZtuVU6HTS+s=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgxbArET0GvXiMYB6QrGF20knGzM4uM7NCWHLyB7zqH3gTr36JP+B3OEn2oNGChqKqm2oqiAXXxnU/ndzS8srqWn69sLG5tb1T3N1r6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0NfWbD6g0j+StGcfoh3QgeZ8zaqzUoHfpiTfpFktu2Z2B/CVeRkqQodYtfnV6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nX07IUdW6ZF+pOxIQ2bqz4uUhlqPw8BuhtQM9aI3Ff/1GJUMxUK66V/4KZdxYlCyeXg/EcREZFoH6XGFzIixJZQpbv8nbEgVZcaWVrDFeIs1/CWN07JXKZ/dVErVy6yiPBzAIRyDB+dQhWuoQR0Y3MMTPMOL8+i8Om/O+3w152Q3+/ALzsc3VIaXKA==</latexit>

r<latexit sha1_base64="XixRli9qzbsquYVPNZ342JFkTnE=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfagiQUNRVU31VSQCK6N6345hbX1jc2t4nZpZ3dv/6B8eNTScaoYNlksYtUJqEbBJTYNNwI7iUIaBQLbwfhu5rcfUWkeywczSdCP6FDykDNqrNRQ/XLFrbpzkFXi5aQCOer98ndvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mjU3JmlQEJY2VHGjJXf19kNNJ6EgV2M6JmpJe9mfivx6hkKJbSTXjjZ1wmqUHJFuFhKoiJyawJMuAKmRETSyhT3P5P2Igqyoztq2SL8ZZrWCWti6p3Wb1qXFZqt3lFRTiBUzgHD66hBvdQhyYwQHiGF3h1npw35935WKwWnPzmGP7A+fwB+j2VUw==</latexit>

2

updated from Dover and Feshbach, Ann. Phys. 198 (1990)

ALICE Collaboration, PLB 797 (2019)

50

100

150

200

250

np ! np Bowen, 61

Lisowski, 82

200 300 400 500 600 700

pp ! pp Barashenkov, 61 §p ! §p Piekenbrock, 67

Cline, 67

Alexander, 68

Sechi-Zorn, 68

Kadyk, 71

Hauptman, 77

700 800 900

plab (MeV/c)

§p ! ß0p Kadyk, 71

2

4

6

8

10

12

14
•°p ! §§ Ahn, 06

200 300 400 500 600 700

50

100

150

200

250

ß+p ! ß+p Dosch, 66

Eisele, 71

Ahn, 05

200 300 400 500 600 700

ß°p ! ß°p Dosch, 66

Eisele, 71

Kondo, 00

200 300 400 500 600 700

ß°p ! ß0n Engelmann, 66

Stephen, 70

200 300 400 500 600 700

ß°p ! §n Engelmann, 66

Stephen, 70

200 300 400 500 600 700

•°p ! •°p Ahn, 06

æ
(m

b
)

plab (MeV/c)

�
(m

b
)

<latexit sha1_base64="rB0zndLUhoG6whXUW9WZ5EPTH10=">AAACEnicbVBLSgNBFOzxG+MvKq7cNIaAbsKMRBTcBN24jGASITOEns5LbOzpGbrfiGHILbyAW72BO3HrBbyA57CTzEKjBQ+Kqvd4RYWJFAZd99OZm19YXFourBRX19Y3Nktb2y0Tp5pDk8cy1jchMyCFgiYKlHCTaGBRKKEd3l2M/fY9aCNidY3DBIKIDZToC87QSt3Srm/EIGLUP6MHPsIDZlE4OuyWym7VnYD+JV5OyiRHo1v68nsxTyNQyCUzpuO5CQYZ0yi4hFHRTw0kjN+xAXQsVSwCE2ST+CNasUqP9mNtRyGdqD8vMhYZM7S5aCVieGtmvbH4r8eZ4iBnvmP/NMiESlIExafP+6mkGNNxP7QnNHCUQ0sY18Lmp/yWacbRtli0xXizNfwlraOqV6seX9XK9fO8ogLZI/vkgHjkhNTJJWmQJuEkI0/kmbw4j86r8+a8T1fnnPxmh/yC8/EN3hWdVw==</latexit>

plab (MeV/c)

<latexit sha1_base64="GkmFsCpoDcbEHYhbXGVPxW0YchE=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBDiJe6KouBF9OJFiGCikA1hdtIxQ2Znl5leMSx79Tf8Aa/6B97Eq/gDfoeTZA8aLWioqeqmpyuIpTDoup/O1PTM7Nx8YaG4uLS8slpaW2+YKNEc6jySkb4JmAEpFNRRoISbWAMLAwnXQf9s6F/fgTYiUlc4iKEVslsluoIztFK7RON26iPcYypZkGXUP6aV8fsCGrs822mXym7VHYH+JV5OyiRHrV368jsRT0JQyCUzpum5MbZSplFwCVnRTwzEjPfZLTQtVSwE00pHl2R02yod2o20LYV0pP6cSFlozCAMbGfIsGcmvaH4r8eZ4iAntmP3qJUKFScIio+XdxNJMaLDqGhHaOAoB5YwroX9P+U9phlHG2jRBuNNxvCXNPaq3n714HK/fHKaR1Qgm2SLVIhHDskJOSc1UiecPJAn8kxenEfn1Xlz3setU04+s0F+wfn4Bv8IojI=</latexit>

8⌦ 8 = 27� 8s � 1� 10� 10� 8a
<latexit sha1_base64="HUtcuTo2oRnh3oVeNxrq2R/3sw8="></latexit>

mu = md = ms
<latexit sha1_base64="UFAAHyLwAuC4kwDiEpX+xiwuXtI=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSlIF3QhFNy4r2Ae0IUwmN+3QmUmYmQgldO8PuNU/cCdu/Q1/wO9w2mahrQcuHM65l3M5YcqZNq775aysrq1vbJa2yts7u3v7lYPDtk4yRaFFE56obkg0cCahZZjh0E0VEBFy6ISj26nfeQSlWSIfzDgFX5CBZDGjxFipJ4LsWgSRHR1Uqm7NnQEvE68gVVSgGVS++1FCMwHSUE607nluavycKMMoh0m5n2lICR2RAfQslUSA9vPZyxN8apUIx4myIw2eqb8vciK0HovQbgpihnrRm4r/epRICnwh3cRXfs5kmhmQdB4eZxybBE87wRFTQA0fW0KoYvZ/TIdEEWpsc2VbjLdYwzJp12veea1+f1Ft3BQVldAxOkFnyEOXqIHuUBO1EEUJekYv6NV5ct6cd+djvrriFDdH6A+czx9tiplr</latexit>

<latexit sha1_base64="ATCxKl3+Iza4njfjGOanA0Tbqqo=">AAACBnicbVDLSgNBEOz1GeMr6tHLYBA8hd2gxGPQi8cI5gFJCLOT3mTI7OwyMyuEJXd/wKv+gTfx6m/4A36Hs8keNLGgoajqpovyY8G1cd0vZ219Y3Nru7BT3N3bPzgsHR23dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5zfz2IyrNI/lgpjH2QzqSPOCMGit1eyE1Yz9Iq7XZoFR2K+4cZJV4OSlDjsag9N0bRiwJURomqNZdz41NP6XKcCZwVuwlGmPKJnSEXUslDVH303nkGTm3ypAEkbIjDZmrvy9SGmo9DX27mUXUy14m/usxKhmKpe8muO6nXMaJQckWz4NEEBORrBMy5AqZEVNLKFPc5idsTBVlxjZXtMV4yzWskla14l1V3PvLcv0mr6gAp3AGF+BBDepwBw1oAoMInuEFXp0n5815dz4Wq2tOfnMCf+B8/gB2UJlw</latexit>

27
<latexit sha1_base64="IBcqesq/v1t3In3UcLGzbFuHWB4=">AAACE3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJKLosunFZwdZCE8pkOmmHTiZhZiKUmM/wB9zqH7gTt36AP+B3OGmz0NYDFw7n3Ms9nCDhTGnH+bIqS8srq2vV9drG5tb2jr2711FxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNP7YHxd+PcPVCoWizs9Sagf4aFgISNYG6lvH3ixsYvrzIuwHgVh5jp53rfrTsOZAi0StyR1KNHq29/eICZpRIUmHCvVc51E+xmWmhFO85qXKppgMsZD2jNU4IgqP5vmz9GxUQYojKUZodFU/X2R4UipSRSYzSKjmvcK8V+PYEEon/uuw0s/YyJJNRVk9jxMOdIxKgpCAyYp0XxiCCaSmfyIjLDERJsaa6YYd76GRdI5bbjnDef2rN68KiuqwiEcwQm4cAFNuIEWtIHAIzzDC7xaT9ab9W59zFYrVnmzD39gff4AS+aevw==</latexit>

10
<latexit sha1_base64="f9+E7arZZ9fPONiOp0fIeHMrFGM=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUFWwttKJPpTTt0MgkzE6GE7v0Bt/oH7sStv+EP+B1O2iy09cCFwzn3cg8nSATXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfHlFpHst7M0nQj+hQ8pAzaqzU7UXUjIIw89xpv1pz6+4MZJl4BalBgWa/+t0bxCyNUBomqNZdz02Mn1FlOBM4rfRSjQllYzrErqWSRqj9bBZ5Sk6sMiBhrOxIQ2bq74uMRlpPosBu5hH1opeL/3qMSoZi4bsJr/yMyyQ1KNn8eZgKYmKSd0IGXCEzYmIJZYrb/ISNqKLM2OYqthhvsYZl0j6rexd19+681rguKirDERzDKXhwCQ24hSa0gEEMz/ACr86T8+a8Ox/z1ZJT3BzCHzifP2mHmWg=</latexit>

10
<latexit sha1_base64="aPS/7m0V/4paqGtqFeBIMx1mQyk=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4Kokodll047KCfUATys30ph06mYSZiVBCP8AfcKt/4E7c+hn+gN/hpM1CWw9cOJxzL/dwgoQzpR3nyyqtrW9sbpW3Kzu7e/sH1cOjjopTSbFNYx7LXgAKORPY1kxz7CUSIQo4doPJbe53H1EqFosHPU3Qj2AkWMgoaCN5XgR6HIRZYzaAQbXm1J057FXiFqRGCrQG1W9vGNM0QqEpB6X6rpNoPwOpGeU4q3ipwgToBEbYN1RAhMrP5pln9plRhnYYSzNC23P190UGkVLTKDCbeUa17OXivx4FQZEvfddhw8+YSFKNgi6ehym3dWznpdhDJpFqPjUEqGQmv03HIIFqU13FFOMu17BKOhd196ru3F/WmjdFRWVyQk7JOXHJNWmSO9IibUJJQp7JC3m1nqw36936WKyWrOLmmPyB9fkDhAKaCQ==</latexit>

8a

mu = md 6= ms
<latexit sha1_base64="yWoBvHgapTxV9d8PF9M13qUSevE=">AAACDHicbVBLSgNBFOzxG+MnUZduGoPgKsxEQTdC0I3LCOYDyTD09LxJmnT3jN09QhhyBS/gVm/gTtx6By/gOex8FppY8KCoeo96VJhypo3rfjkrq2vrG5uFreL2zu5eqbx/0NJJpig0acIT1QmJBs4kNA0zHDqpAiJCDu1weDPx24+gNEvkvRml4AvSlyxmlBgrBeWSCLIrEUQ9CQ9YBDooV9yqOwVeJt6cVNAcjaD83YsSmgmQhnKidddzU+PnRBlGOYyLvUxDSuiQ9KFrqSQCtJ9PHx/jE6tEOE6UHWnwVP19kROh9UiEdlMQM9CL3kT816NEUuAL6Sa+9HMm08yApLPwOOPYJHjSDI6YAmr4yBJCFbP/YzogilBj+yvaYrzFGpZJq1b1zqq1u/NK/XpeUQEdoWN0ijx0geroFjVQE1GUoWf0gl6dJ+fNeXc+ZqsrzvzmEP2B8/kD+BKbRw==</latexit>

m⇡ = mK ⇠ 806 MeV

<latexit sha1_base64="zNorZIVskwI/NseoUQJmUqZ4I2s=">AAACG3icbVDLSgNBEJz1GeMr6lGQwSB4CrviC0QIehFEUDBRcMMyO+nokJnZZaZXDEtu/oY/4FX/wJt49eAP+B1OYg4aLWgoqrrp7opTKSz6/oc3Mjo2PjFZmCpOz8zOzZcWFus2yQyHGk9kYi5jZkEKDTUUKOEyNcBULOEibh/2/ItbMFYk+hw7KTQUu9aiJThDJ0WlFRWFqdhX0XFohaK7/jYN90KEO8xPoN6NSmW/4vdB/5JgQMpkgNOo9Bk2E54p0Mgls/Yq8FNs5Myg4BK6xTCzkDLeZtdw5ahmCmwj7//RpWtOadJWYlxppH3150TOlLUdFbtOxfDGDns98V+PM81BDm3H1m4jFzrNEDT/Xt7KJMWE9oKiTWGAo+w4wrgR7n7Kb5hhHF2cRRdMMBzDX1LfqASbla2zzXL1YBBRgSyTVbJOArJDquSInJIa4eSePJIn8uw9eC/eq/f23TriDWaWyC94719h2aDE</latexit>

<latexit sha1_base64="rZjOFBexS/cuEJ3B7TRu5aGzk8E=">AAACNnicbVDLSgMxFM34rPVVdekmWAQXUmbEJ26KbgQRFGwVnDJk0lsNTTJDckcsQ7/F3/AH3OrajTt16yeY1i60euDCyTn3cnNPnEph0fdfvJHRsfGJycJUcXpmdm6+tLBYt0lmONR4IhNzGTMLUmiooUAJl6kBpmIJF3H7sOdf3IKxItHn2Emhodi1Fi3BGTopKu2pKA9T0Q2tUHRzyw/3aYhwh/kJ1Lvr1D1VdNw3t/3fZlQq+xW/D/qXBANSJgOcRqX3sJnwTIFGLpm1V4GfYiNnBgWX0C2GmYWU8Ta7hitHNVNgG3n/xC5ddUqTthLjSiPtqz8ncqas7ajYdSqGN3bY64n/epxpDnJoO7Z2G7nQaYag+ffyViYpJrSXIW0KAxxlxxHGjXD/p/yGGcbRJV10wQTDMfwl9Y1KsFXxzzbL1YNBRAWyTFbIGgnIDqmSI3JKaoSTe/JInsiz9+C9em/ex3friDeYWSK/4H1+ARx/qro=</latexit>

m⇡ ⇠ 450 MeV, mK ⇠ 600 MeV

NN,⌃N,⌃⌃,⌅⌃,⌅⌅

<latexit sha1_base64="liQxa+0VK5B2BDii6bZJA/lC4wk=">AAACLnicbZDNSgMxEMezftb6terRS7AIHqTsSkWPRS+eSkXbLrRLyabZNjTJLklWKEufw9fwBbzqGwgexJv4GGbbBW3rQMgv/5lhJv8gZlRpx3m3lpZXVtfWCxvFza3tnV17b7+pokRi0sARi6QXIEUYFaShqWbEiyVBPGCkFQyvs3zrgUhFI3GvRzHxOeoLGlKMtJG6tlurncLOHe1zBH9pepmnR2fZo8WuXXLKziTgIrg5lEAe9a791elFOOFEaMyQUm3XibWfIqkpZmRc7CSKxAgPUZ+0DQrEifLTydfG8NgoPRhG0hyh4UT925EirtSIB6aSIz1Q87lM/DeHkcCEzU3X4aWfUhEnmgg8HR4mDOoIZt7BHpUEazYygLCkZn+IB0girI3DmTHuvA2L0Dwru5Xy+W2lVL3KLSqAQ3AEToALLkAV3IA6aAAMHsEzeAGv1pP1Zn1Yn9PSJSvvOQAzYX3/AFvCpiE=</latexit>

⌃N,⌅⌅

<latexit sha1_base64="mgSoxPesXIT58s990Uhlu0Q4Zp4=">AAACEHicbVDLSsNAFJ3UV62vaJduBovgQkoiFV0W3biSivYBTSiT6aQdOjMJMxMhhP6EP+BW/8CduPUP/AG/w0mbhbYeuHA4517O5QQxo0o7zpdVWlldW98ob1a2tnd29+z9g46KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weQ697uPRCoaiQedxsTnaCRoSDHSRhrYVe+ejjiCt6cQej2aT2Vg15y6MwNcJm5BaqBAa2B/e8MIJ5wIjRlSqu86sfYzJDXFjEwrXqJIjPAEjUjfUIE4UX42e34Kj40yhGEkzQgNZ+rviwxxpVIemE2O9Fgtern4r4eRwIQtpOvw0s+oiBNNBJ6HhwmDOoJ5O3BIJcGapYYgLKn5H+Ixkghr02FejLtYwzLpnNXdRv38rlFrXhUVlcEhOAInwAUXoAluQAu0AQYpeAYv4NV6st6sd+tjvlqyipsq+APr8wdlf5tR</latexit>

⌅N

<latexit sha1_base64="nD0UKiYtmstANtUqmi1cYCaDV3Q=">AAACEHicbVDLSsNAFJ34rPUV7dLNYBFcSEmkosuiG1dSwT6gCWUynbRD5xFmJkII/Ql/wK3+gTtx6x/4A36H0zYLbT1w4XDOvZzLiRJGtfG8L2dldW19Y7O0Vd7e2d3bdw8O21qmCpMWlkyqboQ0YVSQlqGGkW6iCOIRI51ofDP1O49EaSrFg8kSEnI0FDSmGBkr9d0KDLoU3sEgGSFhJM/PJuW+W/Vq3gxwmfgFqYICzb77HQwkTjkRBjOkdc/3EhPmSBmKGZmUg1STBOExGpKepQJxosN89vwEnlhlAGOp7AgDZ+rvixxxrTMe2U2OzEgvelPxXw8jgQlbSDfxVZhTkaSGCDwPj1MGjYTTduCAKoINyyxBWFH7P8QjpBA2tsNpMf5iDcukfV7z67WL+3q1cV1UVAJH4BicAh9cgga4BU3QAhhk4Bm8gFfnyXlz3p2P+eqKU9xUwB84nz+Zy5wS</latexit>

NN

<latexit sha1_base64="e+/XsEVakyKgR6oeCul1Vicv3QM=">AAAB/nicbVDLSsNAFL2pr1pfVZdugkVwVRJRdFl046pUtA9oQ5lMb9qhk0mYmQglFPwBt/oH7sStv+IP+B1O2iy09cCFwzn3ci7HjzlT2nG+rMLK6tr6RnGztLW9s7tX3j9oqSiRFJs04pHs+EQhZwKbmmmOnVgiCX2ObX98k/ntR5SKReJBT2L0QjIULGCUaCPd1+ulfrniVJ0Z7GXi5qQCORr98ndvENEkRKEpJ0p1XSfWXkqkZpTjtNRLFMaEjskQu4YKEqLy0tmrU/vEKAM7iKQZoe2Z+vsiJaFSk9A3myHRI7XoZeK/HiWCIl9I18GVlzIRJxoFnYcHCbd1ZGdd2AMmkWo+MYRQycz/Nh0RSag2jWXFuIs1LJPWWdU9r17cnVdq13lFRTiCYzgFFy6hBrfQgCZQGMIzvMCr9WS9We/Wx3y1YOU3h/AH1ucPmAiVmw==</latexit>

Wagman et al. [NPLQCD], PRD 96 (2017) Illa et al. [NPLQCD], PRD 103 (2021)

Baryon-baryon interactions
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Scattering parameters EFT matching
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Baryon-baryon interactions

Observe accidental SU(16) symmetry at ~800 MeVmπ

Don’t observe SU(3)f symmetry breaking effects at ~450 MeVmπ
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Binding energies as a function of the pion mass

Traditionally, calculations with the direct approach were performed with 
asymmetrical correlators (different source and sink operators), leading 
to bound NN systems with unphysical quark masses
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And also 3- and 4-body bound systems
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NN (3S1)

And also 3- and 4-body bound systems
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<latexit sha1_base64="bWYWz0tSBUUqjJL2FDAJnXXy/Lg=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9nVoh6LXnqsYD+gu5ZsmrahSXZJskJZ9m948aCIV/+MN/+NabsHbX0w8Hhvhpl5YcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pbog15UzSlmGG026sKBYhp51wcjfzO09UaRbJBzONaSDwSLIhI9hYyU+zx8vUVwI1aNYvV9yqOwdaJV5OKpCj2S9/+YOIJIJKQzjWuue5sQlSrAwjnGYlP9E0xmSCR7RnqcSC6iCd35yhM6sM0DBStqRBc/X3RIqF1lMR2k6BzVgvezPxP6+XmOFNkDIZJ4ZKslg0TDgyEZoFgAZMUWL41BJMFLO3IjLGChNjYyrZELzll1dJ+6LqXVVr97VK/TaPowgncArn4ME11KEBTWgBgRie4RXenMR5cd6dj0VrwclnjuEPnM8fw3aRhA==</latexit>

3
He

<latexit sha1_base64="94Bfo7vRQzwF4JSAsa2JlV6j3eA=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeilx4r2FpoYtlsJ+3S3U3Y3Qgl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRV8epotChMY9VLyQaOJPQMcxw6CUKiAg5PIST25n/8ARKs1jem2kCgSAjySJGibGSn+WPjcxXArcgH1Rrbt2dA68SryA1VKA9qH75w5imAqShnGjd99zEBBlRhlEOecVPNSSETsgI+pZKIkAH2fzmHJ9ZZYijWNmSBs/V3xMZEVpPRWg7BTFjvezNxP+8fmqi6yBjMkkNSLpYFKUcmxjPAsBDpoAaPrWEUMXsrZiOiSLU2JgqNgRv+eVV0r2oe5f1xl2j1rwp4iijE3SKzpGHrlATtVAbdRBFCXpGr+jNSZ0X5935WLSWnGLmGP2B8/kDxQKRhQ==</latexit>

4
He

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
m2

º (GeV2)

0

10

20

30

40

50

60

70

B
(M

eV
)

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

Is there an operator dependence to these energy levels?

A possible answer to these questions might be found 
through a variational analysis, where the lattice results 
can provide upper bounds on the true energy levels



5

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

Francis et al., PRD 99 (2019)

<latexit sha1_base64="ax0JmixwHICoiPKV8IczcbdUApU=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkVMVN0Y0boYJ9QBPCZDpth85MwsxEKCEbN/6KGxeKuPUf3Pk3TtsstPXAhcM593LvPWHMqNKO820VlpZXVteK66WNza3tHXt3r6WiRGLSxBGLZCdEijAqSFNTzUgnlgTxkJF2OLqe+O0HIhWNxL0ex8TnaCBon2KkjRTYhzxIvZhm0FOUw4ua413C1JMc3pJWFthlp+JMAReJm5MyyNEI7C+vF+GEE6ExQ0p1XSfWfoqkppiRrOQlisQIj9CAdA0ViBPlp9MvMnhslB7sR9KU0HCq/p5IEVdqzEPTyZEeqnlvIv7ndRPdP/dTKuJEE4Fni/oJgzqCk0hgj0qCNRsbgrCk5laIh0girE1wJROCO//yImmdVtxapXpXLdev8jiK4AAcgRPggjNQBzegAZoAg0fwDF7Bm/VkvVjv1sestWDlM/vgD6zPH5aSl1s=</latexit>

m⇡ ⇠ 960 MeV

Non-hermitian matrices with hexaquark and 
dibaryon-like operators

Hermitian matrices with only hexaquark or 
dibaryon-like operators

First variational calculations



5

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

Francis et al., PRD 99 (2019)

<latexit sha1_base64="ax0JmixwHICoiPKV8IczcbdUApU=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkVMVN0Y0boYJ9QBPCZDpth85MwsxEKCEbN/6KGxeKuPUf3Pk3TtsstPXAhcM593LvPWHMqNKO820VlpZXVteK66WNza3tHXt3r6WiRGLSxBGLZCdEijAqSFNTzUgnlgTxkJF2OLqe+O0HIhWNxL0ex8TnaCBon2KkjRTYhzxIvZhm0FOUw4ua413C1JMc3pJWFthlp+JMAReJm5MyyNEI7C+vF+GEE6ExQ0p1XSfWfoqkppiRrOQlisQIj9CAdA0ViBPlp9MvMnhslB7sR9KU0HCq/p5IEVdqzEPTyZEeqnlvIv7ndRPdP/dTKuJEE4Fni/oJgzqCk0hgj0qCNRsbgrCk5laIh0girE1wJROCO//yImmdVtxapXpXLdev8jiK4AAcgRPggjNQBzegAZoAg0fwDF7Bm/VkvVjv1sestWDlM/vgD6zPH5aSl1s=</latexit>

m⇡ ⇠ 960 MeV

Non-hermitian matrices with hexaquark and 
dibaryon-like operators

Hermitian matrices with only hexaquark or 
dibaryon-like operators

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

NN (1S0)

<latexit sha1_base64="oWc3mKdL0U1rCtRrfl6Cm1xvQE0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevEkFewHtEvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTG8zv/tElWaRfDSzmPoCjyULGcEmk2pieD8sV9yquwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsJrP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6jWr9oV5p3uRxFOEMzuESPLiCJtxBC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHmxaN9w==</latexit>

2mN

First variational calculations
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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

Francis et al., PRD 99 (2019)

Hörz et al., PRC 103 (2021)

<latexit sha1_base64="xSwxn46AI+ydDCTa2fH0q+nm2Ek=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSrOCl6MWLUMF+QBPKZjtpl+4mYXcjlFDw4l/x4kERr/4Jb/4bt20O2vpg4PHeDDPzgoQzpR3n21paXlldWy9sFDe3tnd27b39popTSaFBYx7LdkAUcBZBQzPNoZ1IICLg0AqG1xO/9QBSsTi616MEfEH6EQsZJdpIXftQdL2EYU8xgatuxbvEmScFvoXmuGuXnLIzBV4kbk5KKEe9a395vZimAiJNOVGq4zqJ9jMiNaMcxkUvVZAQOiR96BgaEQHKz6Y/jPGJUXo4jKWpSOOp+nsiI0KpkQhMpyB6oOa9ifif10l1eOFnLEpSDRGdLQpTjnWMJ4HgHpNANR8ZQqhk5lZMB0QSqk1sRROCO//yImmeld3zcuWuUqpd5XEU0BE6RqfIRVVUQzeojhqIokf0jF7Rm/VkvVjv1sesdcnKZw7QH1ifP7Zelkw=</latexit>

m⇡ ⇠ 714 MeV

Hermitian matrices with only dibaryon-like 
operators

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

NN (1S0)

<latexit sha1_base64="ax0JmixwHICoiPKV8IczcbdUApU=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkVMVN0Y0boYJ9QBPCZDpth85MwsxEKCEbN/6KGxeKuPUf3Pk3TtsstPXAhcM593LvPWHMqNKO820VlpZXVteK66WNza3tHXt3r6WiRGLSxBGLZCdEijAqSFNTzUgnlgTxkJF2OLqe+O0HIhWNxL0ex8TnaCBon2KkjRTYhzxIvZhm0FOUw4ua413C1JMc3pJWFthlp+JMAReJm5MyyNEI7C+vF+GEE6ExQ0p1XSfWfoqkppiRrOQlisQIj9CAdA0ViBPlp9MvMnhslB7sR9KU0HCq/p5IEVdqzEPTyZEeqnlvIv7ndRPdP/dTKuJEE4Fni/oJgzqCk0hgj0qCNRsbgrCk5laIh0girE1wJROCO//yImmdVtxapXpXLdev8jiK4AAcgRPggjNQBzegAZoAg0fwDF7Bm/VkvVjv1sestWDlM/vgD6zPH5aSl1s=</latexit>

m⇡ ⇠ 960 MeV

Non-hermitian matrices with hexaquark and 
dibaryon-like operators

Hermitian matrices with only hexaquark or 
dibaryon-like operators

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

NN (1S0)

<latexit sha1_base64="oWc3mKdL0U1rCtRrfl6Cm1xvQE0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevEkFewHtEvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTG8zv/tElWaRfDSzmPoCjyULGcEmk2pieD8sV9yquwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsJrP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6jWr9oV5p3uRxFOEMzuESPLiCJtxBC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHmxaN9w==</latexit>

2mN

First variational calculations
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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

Francis et al., PRD 99 (2019)

What about the hexaquark operators, 
which were used to find the bound states?

Hörz et al., PRC 103 (2021)

<latexit sha1_base64="xSwxn46AI+ydDCTa2fH0q+nm2Ek=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSrOCl6MWLUMF+QBPKZjtpl+4mYXcjlFDw4l/x4kERr/4Jb/4bt20O2vpg4PHeDDPzgoQzpR3n21paXlldWy9sFDe3tnd27b39popTSaFBYx7LdkAUcBZBQzPNoZ1IICLg0AqG1xO/9QBSsTi616MEfEH6EQsZJdpIXftQdL2EYU8xgatuxbvEmScFvoXmuGuXnLIzBV4kbk5KKEe9a395vZimAiJNOVGq4zqJ9jMiNaMcxkUvVZAQOiR96BgaEQHKz6Y/jPGJUXo4jKWpSOOp+nsiI0KpkQhMpyB6oOa9ifif10l1eOFnLEpSDRGdLQpTjnWMJ4HgHpNANR8ZQqhk5lZMB0QSqk1sRROCO//yImmeld3zcuWuUqpd5XEU0BE6RqfIRVVUQzeojhqIokf0jF7Rm/VkvVjv1sesdcnKZw7QH1ifP7Zelkw=</latexit>

m⇡ ⇠ 714 MeV

Hermitian matrices with only dibaryon-like 
operators

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

NN (1S0)

<latexit sha1_base64="ax0JmixwHICoiPKV8IczcbdUApU=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkVMVN0Y0boYJ9QBPCZDpth85MwsxEKCEbN/6KGxeKuPUf3Pk3TtsstPXAhcM593LvPWHMqNKO820VlpZXVteK66WNza3tHXt3r6WiRGLSxBGLZCdEijAqSFNTzUgnlgTxkJF2OLqe+O0HIhWNxL0ex8TnaCBon2KkjRTYhzxIvZhm0FOUw4ua413C1JMc3pJWFthlp+JMAReJm5MyyNEI7C+vF+GEE6ExQ0p1XSfWfoqkppiRrOQlisQIj9CAdA0ViBPlp9MvMnhslB7sR9KU0HCq/p5IEVdqzEPTyZEeqnlvIv7ndRPdP/dTKuJEE4Fni/oJgzqCk0hgj0qCNRsbgrCk5laIh0girE1wJROCO//yImmdVtxapXpXLdev8jiK4AAcgRPggjNQBzegAZoAg0fwDF7Bm/VkvVjv1sestWDlM/vgD6zPH5aSl1s=</latexit>

m⇡ ⇠ 960 MeV

Non-hermitian matrices with hexaquark and 
dibaryon-like operators

Hermitian matrices with only hexaquark or 
dibaryon-like operators

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

NN (1S0)

<latexit sha1_base64="oWc3mKdL0U1rCtRrfl6Cm1xvQE0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevEkFewHtEvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTG8zv/tElWaRfDSzmPoCjyULGcEmk2pieD8sV9yquwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsJrP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6jWr9oV5p3uRxFOEMzuESPLiCJtxBC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHmxaN9w==</latexit>

2mN

First variational calculations



6

Hermitian matrices with three operators:

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

- Hexaquark
- Dibaryon
- Quasilocal EFT inspired, with wavefunction 

that decays exponentially

First variational calculations
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<latexit sha1_base64="5JowiUKl8z3Ksp+Qsy4TVEyOCnM=">AAACA3icbVBNS8NAEJ34WetX1JteFovgqSRStOCl6MWLUMF+QBPKZrtpl+4mYXcjlFDw4l/x4kERr/4Jb/4bt20O2vpg4PHeDDPzgoQzpR3n21paXlldWy9sFDe3tnd27b39popTSWiDxDyW7QAryllEG5ppTtuJpFgEnLaC4fXEbz1QqVgc3etRQn2B+xELGcHaSF37UHS9hCFPMYGqjuNdosyTAt3S5rhrl5yyMwVaJG5OSpCj3rW/vF5MUkEjTThWquM6ifYzLDUjnI6LXqpogskQ92nH0AgLqvxs+sMYnRilh8JYmoo0mqq/JzIslBqJwHQKrAdq3puI/3mdVIdVP2NRkmoakdmiMOVIx2gSCOoxSYnmI0MwkczcisgAS0y0ia1oQnDnX14kzbOye16u3FVKtas8jgIcwTGcggsXUIMbqEMDCDzCM7zCm/VkvVjv1sesdcnKZw7gD6zPH7Aflkg=</latexit>

m⇡ ⇠ 800 MeV
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Hermitian matrices with three operators:

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

- Hexaquark
- Dibaryon
- Quasilocal EFT inspired, with wavefunction 

that decays exponentially

First variational calculations
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Unbound 
<latexit sha1_base64="9Cd85GZMlzM1FItR2/KJcsStH3k=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkoiRQUvRS+eSkX7AW0sm+2mXbrZxN1NoYT+Di8eFPHqj/Hmv3Hb5qCtDwYe780wM8+LOFPatr+tzMrq2vpGdjO3tb2zu5ffP2ioMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xveTP3miErFQvGgxxF1A9wXzGcEayO51SrqXKHio3PftU+7+YJdsmdAy8RJSQFS1Lr5r04vJHFAhSYcK9V27Ei7CZaaEU4nuU6saITJEPdp21CBA6rcZHb0BJ0YpYf8UJoSGs3U3xMJDpQaB57pDLAeqEVvKv7ntWPtX7oJE1GsqSDzRX7MkQ7RNAHUY5ISzceGYCKZuRWRAZaYaJNTzoTgLL68TBpnJee8VL4rFyrXaRxZOIJjKIIDF1CBW6hBHQg8wTO8wps1sl6sd+tj3pqx0plD+APr8wfe0JA6</latexit>
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Luu and Savage, PRD83 (2011)
Briceño, Davoudi and Luu, PRD88 (2013); +Savage, PRD88 (2013)

Using generalizations of Lüscher’s QC
(without mixing for now)

<latexit sha1_base64="5JowiUKl8z3Ksp+Qsy4TVEyOCnM=">AAACA3icbVBNS8NAEJ34WetX1JteFovgqSRStOCl6MWLUMF+QBPKZrtpl+4mYXcjlFDw4l/x4kERr/4Jb/4bt20O2vpg4PHeDDPzgoQzpR3n21paXlldWy9sFDe3tnd27b39popTSWiDxDyW7QAryllEG5ppTtuJpFgEnLaC4fXEbz1QqVgc3etRQn2B+xELGcHaSF37UHS9hCFPMYGqjuNdosyTAt3S5rhrl5yyMwVaJG5OSpCj3rW/vF5MUkEjTThWquM6ifYzLDUjnI6LXqpogskQ92nH0AgLqvxs+sMYnRilh8JYmoo0mqq/JzIslBqJwHQKrAdq3puI/3mdVIdVP2NRkmoakdmiMOVIx2gSCOoxSYnmI0MwkczcisgAS0y0ia1oQnDnX14kzbOye16u3FVKtas8jgIcwTGcggsXUIMbqEMDCDzCM7zCm/VkvVjv1sesdcnKZw7gD6zPH7Aflkg=</latexit>

m⇡ ⇠ 800 MeV
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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

Robustness of variational approach
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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]

<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)

<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)]
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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]

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�

<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)

<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)]
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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]

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�

<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)

<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)]

Coincidence?
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Are we missing operators?

Hexaquark operators are expected to have large overlap to deep bound 
state

Large number of operators
<latexit sha1_base64="QxcQC34ZaKry7RcZGbqy/2zKk8A="></latexit>

H ⇠ Tabcdef (q
T
a C�1F1qb)(q

T
c C�2F2qd)(q

T
e C�3F3qf )

color spin flavor

5  
ways to create a 

color singlet

32  
spin operators 

with correct parity

5 (9)  
flavor operators 

with isospin 0 (1)

x x = 800 (1440)

16

symmetries
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Are we missing operators?

Hexaquark operators are expected to have large overlap to deep bound 
state

Large number of operators
<latexit sha1_base64="QxcQC34ZaKry7RcZGbqy/2zKk8A="></latexit>

H ⇠ Tabcdef (q
T
a C�1F1qb)(q

T
c C�2F2qd)(q

T
e C�3F3qf )

color spin flavor

5  
ways to create a 

color singlet

32  
spin operators 

with correct parity

5 (9)  
flavor operators 

with isospin 0 (1)

x x = 800 (1440)

16

symmetries

Preliminary results show that after 
diagonalization, no bound state is found, 
but different off-diagonal correlators see 
the deep-bound state
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It is still unclear what the best operators are to include in a variational 
analysis for BB systems (significant interpolating-operator dependence)

Ongoing production for different baryon-baryon systems, specifically 
the H-dibaryon system

While variational methods can provide reliable upper bounds on the 
energy levels, they don’t rule out the excistence of deep-bound states:

Ongoing study with additional operators and additional volumes at 
 ~ 800 MeV for NN systemmπ

Summary

Thank you for your attention


