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We need data to constrain the low-energy coefficients from EFTs

2

LQCD[q, q, A;mq,↵s]

<latexit sha1_base64="MBlVwFlcb+1W8tYRXGBZhMVx51E="></latexit>

LEFT [⇡, N, . . . ;m⇡,mN , . . . , Ci]

<latexit sha1_base64="XlWzxtJuALs1/XDxa52Of2ewO5M="></latexit>

Motivation

Ci

<latexit sha1_base64="jnAcF8tlips0YFlNXki5LLnJv3k=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI/BXDxGNA9IljA76SRDZmeXmVkhLAF/wKv+gTfx6q/4A36Hk2QPmljQUFR1U00FseDauO6Xk1tb39jcym8Xdnb39g+Kh0dNHSWKYYNFIlLtgGoUXGLDcCOwHSukYSCwFYxrM7/1iErzSD6YSYx+SIeSDzijxkr3tR7vFUtu2Z2DrBIvIyXIUO8Vv7v9iCUhSsME1brjubHxU6oMZwKnhW6iMaZsTIfYsVTSELWfzl+dkjOr9MkgUnakIXP190VKQ60nYWA3Q2pGetmbif96jEqGYindDK79lMs4MSjZInyQCGIiMuuC9LlCZsTEEsoUt/8TNqKKMmMbK9hivOUaVknzouxVypd3lVL1JqsoDydwCufgwRVU4Rbq0AAGQ3iGF3h1npw35935WKzmnOzmGP7A+fwBOQqWAA==</latexit>

N

<latexit sha1_base64="S7cBSubOrR7bK/Ch/3X4UNfiV0M=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kyOzsMjMrhBB/wKv+gTfx6r/4A36Hk2QPmljQUFR1U00FieDauO6Xk1tb39jcym8Xdnb39g+Kh0dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYxuZ37rEZXmsXww4wT9iA4kDzmjxkr1+16x5JbdOcgq8TJSggy1XvG7249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzR6fkzCp9EsbKjjRkrv6+mNBI63EU2M2ImqFe9mbivx6jkqFYSjfhtT/hMkkNSrYID1NBTExmTZA+V8iMGFtCmeL2f8KGVFFmbF8FW4y3XMMqaV6UvUr5sl4pVW+yivJwAqdwDh5cQRXuoAYNYIDwDC/w6jw5b86787FYzTnZzTH8gfP5A8DdlS8=</latexit>

N

<latexit sha1_base64="S7cBSubOrR7bK/Ch/3X4UNfiV0M=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kyOzsMjMrhBB/wKv+gTfx6r/4A36Hk2QPmljQUFR1U00FieDauO6Xk1tb39jcym8Xdnb39g+Kh0dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYxuZ37rEZXmsXww4wT9iA4kDzmjxkr1+16x5JbdOcgq8TJSggy1XvG7249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzR6fkzCp9EsbKjjRkrv6+mNBI63EU2M2ImqFe9mbivx6jkqFYSjfhtT/hMkkNSrYID1NBTExmTZA+V8iMGFtCmeL2f8KGVFFmbF8FW4y3XMMqaV6UvUr5sl4pVW+yivJwAqdwDh5cQRXuoAYNYIDwDC/w6jw5b86787FYzTnZzTH8gfP5A8DdlS8=</latexit>

⌅

<latexit sha1_base64="i8AQKxWbr8s0mLfKuLVJIrnSbo4=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOepMhs7PLzKwQloA/4FX/wJt49Vf8Ab/DSbIHTSxoKKq6qaaCRHBtXPfLKaysrq1vFDdLW9s7u3vl/YOmjlPFsMFiEat2QDUKLrFhuBHYThTSKBDYCkY3U7/1iErzWD6YcYJ+RAeSh5xRY6X7bpv3yhW36s5AlomXkwrkqPfK391+zNIIpWGCat3x3MT4GVWGM4GTUjfVmFA2ogPsWCpphNrPZq9OyIlV+iSMlR1pyEz9fZHRSOtxFNjNiJqhXvSm4r8eo5KhWEg34ZWfcZmkBiWbh4epICYm0y5InytkRowtoUxx+z9hQ6ooM7axki3GW6xhmTTPqt559eLuvFK7zisqwhEcwyl4cAk1uIU6NIDBAJ7hBV6dJ+fNeXc+5qsFJ785hD9wPn8AVeWWEg==</latexit>

⌅

<latexit sha1_base64="i8AQKxWbr8s0mLfKuLVJIrnSbo4=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOepMhs7PLzKwQloA/4FX/wJt49Vf8Ab/DSbIHTSxoKKq6qaaCRHBtXPfLKaysrq1vFDdLW9s7u3vl/YOmjlPFsMFiEat2QDUKLrFhuBHYThTSKBDYCkY3U7/1iErzWD6YcYJ+RAeSh5xRY6X7bpv3yhW36s5AlomXkwrkqPfK391+zNIIpWGCat3x3MT4GVWGM4GTUjfVmFA2ogPsWCpphNrPZq9OyIlV+iSMlR1pyEz9fZHRSOtxFNjNiJqhXvSm4r8eo5KhWEg34ZWfcZmkBiWbh4epICYm0y5InytkRowtoUxx+z9hQ6ooM7axki3GW6xhmTTPqt559eLuvFK7zisqwhEcwyl4cAk1uIU6NIDBAJ7hBV6dJ+fNeXc+5qsFJ785hD9wPn8AVeWWEg==</latexit>

Lack of experimental data for baryonic systems that contain strange 
quarks ( )Λ/Σ/Ξ

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

https://doi.org/10.1016/j.physletb.2019.134822
https://www.sciencedirect.com/science/article/abs/pii/000349169090254L?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/000349169090254L?via=ihub
https://doi.org/10.1016/j.physletb.2019.134822
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L

<latexit sha1_base64="HwDuSd++315cFWIZGMl1SVZVczo=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx48JGAekCxhdtKbDJmdXWZmhRDiD3jVP/AmXv0Xf8DvcJLsQRMLGoqqbqqpIBFcG9f9cnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+d/sxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5k/uiUnFmlT8JY2ZGGzNXfFxMaaT2OArsZUTPUy95M/NdjVDIUS+kmvPYnXCapQckW4WEqiInJrAnS5wqZEWNLKFPc/k/YkCrKjO2rYIvxlmtYJc2LslcpX9YrpepNVlEeTuAUzsGDK6jCHdSgAQwQnuEFXp0n5815dz4WqzknuzmGP3A+fwC9rZUt</latexit>

b

<latexit sha1_base64="JUBTpay6zE/ycEY8Ew7VmLfT2BA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfagiQUNRVU31VSQCK6N6345hbX1jc2t4nZpZ3dv/6B8eNTScaoYNlksYtUJqEbBJTYNNwI7iUIaBQLbwfhu5rcfUWkeywczSdCP6FDykDNqrNQI+uWKW3XnIKvEy0kFctT75e/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NHp+TMKgMSxsqONGSu/r7IaKT1JArsZkTNSC97M/Ffj1HJUCylm/DGz7hMUoOSLcLDVBATk1kTZMAVMiMmllCmuP2fsBFVlBnbV8kW4y3XsEpaF1XvsnrVuKzUbvOKinACp3AOHlxDDe6hDk1ggPAML/DqPDlvzrvzsVgtOPnNMfyB8/kD4L2VQw==</latexit>

q

<latexit sha1_base64="R/eZniegr58kvVipYb6JtNwMnqU=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dzMSZiVBCP8AfcKt/4E7c+hn+gN/hpM1CWw9cOJxzD/dywoQzbVz3yymtrK6tb5Q3K1vbO7t71f2DtpapIrRFJJeqG2JNORO0ZZjhtJsoiuOQ0044vsn9ziNVmklxbyYJDWI8FCxiBBsr+b60Zp7NHqb9as2tuzOgZeIVpAYFmv3qtz+QJI2pMIRjrXuem5ggw8owwum04qeaJpiM8ZD2LBU4pjrIZj9P0YlVBiiSyo4waKb+TmQ41noSh3YzxmakF71c/NcjWBDKF66b6CrImEhSQwWZH49SjoxEeSlowBQlhk8swUQx+z8iI6wwMba6ii3GW6xhmbTP6t55/eLuvNa4LioqwxEcwyl4cAkNuIUmtIBAAs/wAq/Ok/PmvDsf89WSU2QO4Q+czx8xKpp4</latexit>

q

<latexit sha1_base64="s+yN3nlIGc8QhO4m8FEPdqzonpQ=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4TMA9IljA76U2GzM6uM7NCCPEHvOofeBOv/os/4Hc4SfagiQUNRVU31VSQCK6N6345ubX1jc2t/HZhZ3dv/6B4eNTUcaoYNlgsYtUOqEbBJTYMNwLbiUIaBQJbweh25rceUWkey3szTtCP6EDykDNqrFR/6BVLbtmdg6wSLyMlyFDrFb+7/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzJ/dErOrNInYazsSEPm6u+LCY20HkeB3YyoGeplbyb+6zEqGYqldBNe+xMuk9SgZIvwMBXExGTWBOlzhcyIsSWUKW7/J2xIFWXG9lWwxXjLNayS5kXZq5Qv65VS9SarKA8ncArn4MEVVOEOatAABgjP8AKvzpPz5rw7H4vVnJPdHMMfOJ8/+KWVUg==</latexit>

U

<latexit sha1_base64="4lsG6/TBMkq8swoJk89zV9c+y3A=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfagiQUNRVU31VSQCK6N6345hbX1jc2t4nZpZ3dv/6B8eNTScaoYNlksYtUJqEbBJTYNNwI7iUIaBQLbwfhu5rcfUWkeywczSdCP6FDykDNqrNRo9ssVt+rOQVaJl5MK5Kj3y9+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+aPTsmZVQYkjJUdachc/X2R0UjrSRTYzYiakV72ZuK/HqOSoVhKN+GNn3GZpAYlW4SHqSAmJrMmyIArZEZMLKFMcfs/YSOqKDO2r5ItxluuYZW0LqreZfWqcVmp3eYVFeEETuEcPLiGGtxDHZrAAOEZXuDVeXLenHfnY7FacPKbY/gD5/MHzAWVNg==</latexit>

hÔi ⇡
1

Ncfg

NcfgX

i=1

Ô[U (i)]

<latexit sha1_base64="5pUgcUgVQFYr8RC9I6XHq4u2FrA="></latexit>

hÔi =
1

Z

Z
DqDqDAµ Ô[q, q, A]eiSQCD

<latexit sha1_base64="WwX+gIOZ4Zekqe3+1pR3G3eCT+o="></latexit>

⇥ T

<latexit sha1_base64="0FuC7cGUNRJ2Co/vmhG+q9CQIM8=">AAAB7HicbVDLTsMwEHTKqy2vAkcuFhUSpypBIJC4VHDhWKS+RBJVjuu0Vp04sjeIKupfwAEh4MaVH+EH+BpwHwdomdPszqx2Z4NEcA22/WXllpZXVtfyheL6xubWdmlnt6llqihrUCmkagdEM8Fj1gAOgrUTxUgUCNYKBldjvXXHlOYyrsMwYX5EejEPOSVgWq4HPGIaexe43imV7Yo9AV4kzoyUq4Xk6fbj/rvWKX16XUnTiMVABdHadewE/Iwo4FSwUdFLNUsIHZAecw2NidnkZ5OTR/gwlApDn+FJ/dubkUjrYRQYT0Sgr+e1cfM/zU0hPPczHicpsJgai9HCVGCQeJwcd7liFMTQEEIVN1di2ieKUDD/KZr4znzYRdI8rjgnldMb84dLNEUe7aMDdIQcdIaq6BrVUANRJNEjekVvVmw9WM/Wy9Sas2Yze+gPrPcfL1uR/A==</latexit>

Discretize spacetime ( )b

Imaginary time ( )t → iτ

Finite volume ( )L3 × T

Nuclear physics with lattice QCD

To complement experimental data, we can use lattice QCD



4

But why most of the results are obtained with heavier-than-physical 
quark masses?
(NPLQCD, PACS-CS, CalLat, Mainz, HAL QCD)

<latexit sha1_base64="cyxrjN6f3GNS/w6/kNeSsN24TNE="></latexit>

C(⌧) = hO(⌧)O†(0)i =
X

n

Zne
�En⌧ E(⌧) = ln

C(⌧)

C(⌧ + 1)
⌧!1����! E0

<latexit sha1_base64="CZYF2wa0olk0pT7h5D07wNqM7io="></latexit>

⌧

<latexit sha1_base64="Fwu6eRHroE3TaaS5t874pWLQpOg=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZDZmeXmV4hhBz8Aa/6B97Eq5/iD/gdziZ70MSChqKqm2oqSKQw6LpfTmFtfWNzq7hd2tnd2z8oHx61TJxqxpsslrHuBGC4FIo3UaDknURziALJ28H4NvPbj1wbEasHnCTcj2CoRCgYYCb1ENJ+ueJW3TnoKvFyUiE5Gv3yd28QszTiCpkEY7qem6A/BY2CST4r9VLDE2BjGPKupQoibvzp/NcZPbPKgIaxtqOQztXfF1OIjJlEgd2MAEdm2cvEfz0GinG5lI7htT8VKkmRK7YID1NJMaZZGXQgNGcoJ5YA08L+T9kINDC0lZVsMd5yDaukdVH1atXL+1qlfpNXVCQn5JScE49ckTq5Iw3SJIyMyDN5Ia/Ok/PmvDsfi9WCk98ckz9wPn8AVpWWpQ==</latexit>

⌧

<latexit sha1_base64="Fwu6eRHroE3TaaS5t874pWLQpOg=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZDZmeXmV4hhBz8Aa/6B97Eq5/iD/gdziZ70MSChqKqm2oqSKQw6LpfTmFtfWNzq7hd2tnd2z8oHx61TJxqxpsslrHuBGC4FIo3UaDknURziALJ28H4NvPbj1wbEasHnCTcj2CoRCgYYCb1ENJ+ueJW3TnoKvFyUiE5Gv3yd28QszTiCpkEY7qem6A/BY2CST4r9VLDE2BjGPKupQoibvzp/NcZPbPKgIaxtqOQztXfF1OIjJlEgd2MAEdm2cvEfz0GinG5lI7htT8VKkmRK7YID1NJMaZZGXQgNGcoJ5YA08L+T9kINDC0lZVsMd5yDaukdVH1atXL+1qlfpNXVCQn5JScE49ckTq5Iw3SJIyMyDN5Ia/Ok/PmvDsfi9WCk98ckz9wPn8AVpWWpQ==</latexit>

m
⇡
(⌧
)

<latexit sha1_base64="eF2J+JVpP5T9Ity2VQoKCq1r7go=">AAACCHicbVBLSgNBFHzjN8Zf1KWbxiDETZiRiK4k4MZlBPOBzBB6Oj1Jk+6esbtHCEMu4AXc6g3ciVtv4QU8h51kFppY8KCoeo96VJhwpo3rfjkrq2vrG5uFreL2zu7efungsKXjVBHaJDGPVSfEmnImadMww2knURSLkNN2OLqZ+u1HqjSL5b0ZJzQQeCBZxAg2VgpEL/MTNqn4BqdnvVLZrbozoGXi5aQMORq90rffj0kqqDSEY627npuYIMPKMMLppOinmiaYjPCAdi2VWFAdZLOnJ+jUKn0UxcqONGim/r7IsNB6LEK7KbAZ6kVvKv7rESwJ5QvpJroKMiaT1FBJ5uFRypGJ0bQV1GeKEsPHlmCimP0fkSFWmBjbXdEW4y3WsExa51WvVr24q5Xr13lFBTiGE6iAB5dQh1toQBMIPMAzvMCr8+S8Oe/Ox3x1xclvjuAPnM8f/deaRQ==</latexit> M
N
(⌧
)

<latexit sha1_base64="XEVmDVPwYEaql54s7lJvEbz47ew=">AAACBnicbVDLSgMxFL1TX7W+qi7dBItQN2VGKrqSghs3SgX7gHYomTTThmaSIckIZejeH3Crf+BO3Pob/oDfYdrOQlsPXDiccy/ncoKYM21c98vJrayurW/kNwtb2zu7e8X9g6aWiSK0QSSXqh1gTTkTtGGY4bQdK4qjgNNWMLqe+q1HqjST4sGMY+pHeCBYyAg2Vurc9tK7SblrcHLaK5bcijsDWiZeRkqQod4rfnf7kiQRFYZwrHXHc2Pjp1gZRjidFLqJpjEmIzygHUsFjqj209nLE3RilT4KpbIjDJqpvy9SHGk9jgK7GWEz1IveVPzXI1gQyhfSTXjpp0zEiaGCzMPDhCMj0bQT1GeKEsPHlmCimP0fkSFWmBjbXMEW4y3WsEyaZxWvWjm/r5ZqV1lFeTiCYyiDBxdQgxuoQwMISHiGF3h1npw35935mK/mnOzmEP7A+fwBBT+ZKg==</latexit>

Nuclear physics with lattice QCD

To complement experimental data, we can use lattice QCD



4

But why most of the results are obtained with heavier-than-physical 
quark masses?
(NPLQCD, PACS-CS, CalLat, Mainz, HAL QCD)

<latexit sha1_base64="cyxrjN6f3GNS/w6/kNeSsN24TNE="></latexit>

C(⌧) = hO(⌧)O†(0)i =
X

n

Zne
�En⌧ E(⌧) = ln

C(⌧)

C(⌧ + 1)
⌧!1����! E0

<latexit sha1_base64="CZYF2wa0olk0pT7h5D07wNqM7io="></latexit>

⌧

<latexit sha1_base64="Fwu6eRHroE3TaaS5t874pWLQpOg=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZDZmeXmV4hhBz8Aa/6B97Eq5/iD/gdziZ70MSChqKqm2oqSKQw6LpfTmFtfWNzq7hd2tnd2z8oHx61TJxqxpsslrHuBGC4FIo3UaDknURziALJ28H4NvPbj1wbEasHnCTcj2CoRCgYYCb1ENJ+ueJW3TnoKvFyUiE5Gv3yd28QszTiCpkEY7qem6A/BY2CST4r9VLDE2BjGPKupQoibvzp/NcZPbPKgIaxtqOQztXfF1OIjJlEgd2MAEdm2cvEfz0GinG5lI7htT8VKkmRK7YID1NJMaZZGXQgNGcoJ5YA08L+T9kINDC0lZVsMd5yDaukdVH1atXL+1qlfpNXVCQn5JScE49ckTq5Iw3SJIyMyDN5Ia/Ok/PmvDsfi9WCk98ckz9wPn8AVpWWpQ==</latexit>

⌧

<latexit sha1_base64="Fwu6eRHroE3TaaS5t874pWLQpOg=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZDZmeXmV4hhBz8Aa/6B97Eq5/iD/gdziZ70MSChqKqm2oqSKQw6LpfTmFtfWNzq7hd2tnd2z8oHx61TJxqxpsslrHuBGC4FIo3UaDknURziALJ28H4NvPbj1wbEasHnCTcj2CoRCgYYCb1ENJ+ueJW3TnoKvFyUiE5Gv3yd28QszTiCpkEY7qem6A/BY2CST4r9VLDE2BjGPKupQoibvzp/NcZPbPKgIaxtqOQztXfF1OIjJlEgd2MAEdm2cvEfz0GinG5lI7htT8VKkmRK7YID1NJMaZZGXQgNGcoJ5YA08L+T9kINDC0lZVsMd5yDaukdVH1atXL+1qlfpNXVCQn5JScE49ckTq5Iw3SJIyMyDN5Ia/Ok/PmvDsfi9WCk98ckz9wPn8AVpWWpQ==</latexit>

m
⇡
(⌧
)

<latexit sha1_base64="eF2J+JVpP5T9Ity2VQoKCq1r7go=">AAACCHicbVBLSgNBFHzjN8Zf1KWbxiDETZiRiK4k4MZlBPOBzBB6Oj1Jk+6esbtHCEMu4AXc6g3ciVtv4QU8h51kFppY8KCoeo96VJhwpo3rfjkrq2vrG5uFreL2zu7efungsKXjVBHaJDGPVSfEmnImadMww2knURSLkNN2OLqZ+u1HqjSL5b0ZJzQQeCBZxAg2VgpEL/MTNqn4BqdnvVLZrbozoGXi5aQMORq90rffj0kqqDSEY627npuYIMPKMMLppOinmiaYjPCAdi2VWFAdZLOnJ+jUKn0UxcqONGim/r7IsNB6LEK7KbAZ6kVvKv7rESwJ5QvpJroKMiaT1FBJ5uFRypGJ0bQV1GeKEsPHlmCimP0fkSFWmBjbXdEW4y3WsExa51WvVr24q5Xr13lFBTiGE6iAB5dQh1toQBMIPMAzvMCr8+S8Oe/Ox3x1xclvjuAPnM8f/deaRQ==</latexit> M
N
(⌧
)

<latexit sha1_base64="XEVmDVPwYEaql54s7lJvEbz47ew=">AAACBnicbVDLSgMxFL1TX7W+qi7dBItQN2VGKrqSghs3SgX7gHYomTTThmaSIckIZejeH3Crf+BO3Pob/oDfYdrOQlsPXDiccy/ncoKYM21c98vJrayurW/kNwtb2zu7e8X9g6aWiSK0QSSXqh1gTTkTtGGY4bQdK4qjgNNWMLqe+q1HqjST4sGMY+pHeCBYyAg2Vurc9tK7SblrcHLaK5bcijsDWiZeRkqQod4rfnf7kiQRFYZwrHXHc2Pjp1gZRjidFLqJpjEmIzygHUsFjqj209nLE3RilT4KpbIjDJqpvy9SHGk9jgK7GWEz1IveVPzXI1gQyhfSTXjpp0zEiaGCzMPDhCMj0bQT1GeKEsPHlmCimP0fkSFWmBjbXMEW4y3WsEyaZxWvWjm/r5ZqV1lFeTiCYyiDBxdQgxuoQwMISHiGF3h1npw35935mK/mnOzmEP7A+fwBBT+ZKg==</latexit>

nuclear physics

Parisi, Phys. Rept. 103 (1984) 
Lepage, Boulder TASI (1989) 
Wagman and Savage, PRD 96 (2017)

e�A(MN� 3
2m⇡)⌧

<latexit sha1_base64="ZFw/iG9mko3DsZ+rWwTfrKYnHzA="></latexit>

Signal

Noise
⇠ e�(MN� 3

2m⇡)⌧

<latexit sha1_base64="xxWcNHLOZYUi5gpaQHPcFHOb48s="></latexit>

Nuclear physics with lattice QCD

To complement experimental data, we can use lattice QCD

https://doi.org/10.1016/0370-1573(84)90081-4
https://inspirehep.net/literature/287173
https://doi.org/10.1103/PhysRevD.96.114508
https://doi.org/10.1016/0370-1573(84)90081-4
https://inspirehep.net/literature/287173
https://doi.org/10.1103/PhysRevD.96.114508


Increase statistics

Contract propagators to form correlation functions

Compute more propagators  → / 1

mq

<latexit sha1_base64="xaeAnIZY1wI1husN6r3QXGtEqrs=">AAACEnicbZDLSgMxFIYz9VbrbVRcuQkWwVWZkYoui25cVrAX6AxDJs20oZkkJhmhDPMWvoBbfQN34tYX8AV8DtPLQlt/OPDzn3M4hy+WjGrjeV9OaWV1bX2jvFnZ2t7Z3XP3D9paZAqTFhZMqG6MNGGUk5ahhpGuVASlMSOdeHQz6XceidJU8HszliRM0YDThGJkbBS5R4FUQhoBg0QhnPtFnkYPReRWvZo3FVw2/txUwVzNyP0O+gJnKeEGM6R1z/ekCXOkDMWMFJUg00QiPEID0rOWo5ToMJ++X8BTm/RhIpQtbuA0/b2Ro1TrcRrbyRSZoV7sTcJ/exhxTNjCdZNchTnlMjOE49nxJGPQIpjwgX2qCDZsbA3Citr/IR4iy8ZYihULxl/EsGza5zW/Xru4q1cb13NEZXAMTsAZ8MElaIBb0AQtgEEOnsELeHWenDfn3fmYjZac+c4h+CPn8wd0sZ5Q</latexit>

cost

nu!nd!ns!

<latexit sha1_base64="X/+Cemm+W5CsoHb53Fkean050Ng=">AAACB3icbVDLSsNAFL2pr1pfVZduUovgqiRS0WXRjcsK9gFtCJPJbTt0MgkzE6GEfoA/4Fb/wJ249TP8Ab/DaZuFth64cDjnXs7lBAlnSjvOl1VYW9/Y3Cpul3Z29/YPyodHbRWnkmKLxjyW3YAo5ExgSzPNsZtIJFHAsROMb2d+5xGlYrF40JMEvYgMBRswSrSR+sJPK8IPzaiKX646NWcOe5W4OalCjqZf/u6HMU0jFJpyolTPdRLtZURqRjlOS/1UYULomAyxZ6ggESovm/88tc+MEtqDWJoR2p6rvy8yEik1iQKzGRE9UsveTPzXo0RQ5EvpenDtZUwkqUZBF+GDlNs6tmel2CGTSDWfGEKoZOZ/m46IJFSb6kqmGHe5hlXSvqi59drlfb3auMkrKsIJnMI5uHAFDbiDJrSAQgLP8AKv1pP1Zr1bH4vVgpXfHMMfWJ8/du+ZZQ==</latexit>

naïve: Detmold and Orginos, PRD 87 (2013) 
Doi and Endres, 
Comput. Phys. Commun. 184 (2013) 

5

Unphysical quark masses

MN � 3

2
m⇡ ⇠ 400 MeV

<latexit sha1_base64="2qDSxnnRa1L55C8tpZB6pAiXIJA="></latexit>

MN � 3

2
m⇡ ⇠ 700 MeV

<latexit sha1_base64="TzN4FfrAwFeb3ALVeEauCrc2x5E="></latexit>

@ phys

@ m⇡ ⇠ 800 MeV

<latexit sha1_base64="WkDpyhTzisxPR4FbQZFagdCPx2E=">AAACGXicbVDLSgNBEJz1GeMr6lEPg0HwFHYlYsBL0IsXIYKJghvC7KSjgzOzy0yvGJZc/A1/wKv+gTfx6skf8DucJHvQaEFDUdVNd1eUSGHR9z+9qemZ2bn5wkJxcWl5ZbW0tt6ycWo4NHksY3MZMQtSaGiiQAmXiQGmIgkX0e3x0L+4A2NFrM+xn0BbsWsteoIzdFKntKU6WZiIQWiFojXfDw9piHCP2Sm0Bp1S2a/4I9C/JMhJmeRodEpfYTfmqQKNXDJrrwI/wXbGDAouYVAMUwsJ47fsGq4c1UyBbWejLwZ0xyld2ouNK410pP6cyJiytq8i16kY3thJbyj+63GmOciJ7dirtTOhkxRB8/HyXiopxnQYE+0KAxxl3xHGjXD3U37DDOPowiy6YILJGP6S1l4lqFb2z6rl+lEeUYFskm2ySwJyQOrkhDRIk3DyQJ7IM3nxHr1X7817H7dOefnMBvkF7+MbbkCgTg==</latexit>

Signal-to-noise problem

Nuclear physics with lattice QCD

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114512
https://arxiv.org/ct?url=https://dx.doi.org/10.1016/j.cpc.2012.09.004&v=cac473b8
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114512
https://arxiv.org/ct?url=https://dx.doi.org/10.1016/j.cpc.2012.09.004&v=cac473b8
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d nn n⌃ H-dib n⌅3He 3
⇤H 3

⇤He 3
⌃He4He 4

⇤He 4
⇤⇤ He

s = 0 s = �1 s = �2

2-body
3-body
4-body

A world with  and exact SU(3)f  symmetry:mπ ∼ 800 MeV
(no e.m.)Beane et al. [NPLQCD], PRD 87 (2013)

Nuclear physics with lattice QCD

https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevD.87.034506


7

Baryon-baryon systems

m⇡ ⇠ 800 MeV
<latexit sha1_base64="6TppDTCQ1BwnMnMT9R6t4NEMTzM=">AAACF3icbVDLSgNBEJyN7/iKetPLYBA8hd0omGPQixdBwcRANoTZSccMmZldZnrFsET8DX/Aq/6BN/Hq0R/wO5zEHDRa0FBUddPdFSVSWPT9Dy83Mzs3v7C4lF9eWV1bL2xs1m2cGg41HsvYNCJmQQoNNRQooZEYYCqScBX1T0b+1Q0YK2J9iYMEWopda9EVnKGT2oVt1c7CRAxDKxSt+P5diHCL2RnUh+1C0S/5Y9C/JJiQIpngvF34DDsxTxVo5JJZ2wz8BFsZMyi4hGE+TC0kjPfZNTQd1UyBbWXjH4Z0zykd2o2NK410rP6cyJiydqAi16kY9uy0NxL/9TjTHOTUduxWWpnQSYqg+ffybiopxnQUEu0IAxzlwBHGjXD3U95jhnF0UeZdMMF0DH9JvVwKDkrli8Ni9XgS0SLZIbtknwTkiFTJKTknNcLJPXkkT+TZe/BevFfv7bs1501mtsgveO9fuaKf/Q==</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 = ms
<latexit sha1_base64="UFAAHyLwAuC4kwDiEpX+xiwuXtI=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSlIF3QhFNy4r2Ae0IUwmN+3QmUmYmQgldO8PuNU/cCdu/Q1/wO9w2mahrQcuHM65l3M5YcqZNq775aysrq1vbJa2yts7u3v7lYPDtk4yRaFFE56obkg0cCahZZjh0E0VEBFy6ISj26nfeQSlWSIfzDgFX5CBZDGjxFipJ4LsWgSRHR1Uqm7NnQEvE68gVVSgGVS++1FCMwHSUE607nluavycKMMoh0m5n2lICR2RAfQslUSA9vPZyxN8apUIx4myIw2eqb8vciK0HovQbgpihnrRm4r/epRICnwh3cRXfs5kmhmQdB4eZxybBE87wRFTQA0fW0KoYvZ/TIdEEWpsc2VbjLdYwzJp12veea1+f1Ft3BQVldAxOkFnyEOXqIHuUBO1EEUJekYv6NV5ct6cd+djvrriFDdH6A+czx9tiplr</latexit>

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

m⇡ ⇠ 450 MeV
<latexit sha1_base64="wXiRI0xVE+Ji6LJbKvt7LEPr59c=">AAACF3icbVDLSgNBEJz1bXxFvellMAiewq5G9Ch68SJEMFFwQ5iddJIhM7PLTK8Yloi/4Q941T/wJl49+gN+h5PHQRMLGoqqbrq7okQKi77/5U1Nz8zOzS8s5paWV1bX8usbVRunhkOFxzI2NxGzIIWGCgqUcJMYYCqScB11zvr+9R0YK2J9hd0Eaoq1tGgKztBJ9fyWqmdhInqhFYqWDv2HEOEeswuo9ur5gl/0B6CTJBiRAhmhXM9/h42Ypwo0csmsvQ38BGsZMyi4hF4uTC0kjHdYC24d1UyBrWWDH3p01ykN2oyNK410oP6eyJiytqsi16kYtu241xf/9TjTHOTYdmwe1zKhkxRB8+HyZiopxrQfEm0IAxxl1xHGjXD3U95mhnF0UeZcMMF4DJOkul8MDor7l6XCyekoogWyTXbIHgnIETkh56RMKoSTR/JMXsir9+S9ee/ex7B1yhvNbJI/8D5/ALtCn/4=</latexit>

pp (1S0)

<latexit sha1_base64="EVOoZm/mcnpM9Fod8UAhVMTgDzY="></latexit>

⌃+p (1S0)

<latexit sha1_base64="nvg9QIDPbD1NHWw4wY7KzUKNCjw="></latexit>

⌃+⌃+ (1S0)

<latexit sha1_base64="Nv6yiZU8mpyvDBMdihSI+My7rdo="></latexit>

⌅0⌃+ (1S0)

<latexit sha1_base64="I5aPnbK9nP6IRgeNmCmXC3SKTQ8="></latexit>

⌅0⌅0 (1S0)

<latexit sha1_base64="IPWVSJpy8j2JOHs5MAWNm7Sa6kQ="></latexit>

np (3S1)

<latexit sha1_base64="2vrN3X88rlvHqdfv53FpZVs7NLU="></latexit>

⌃+p (3S1)

<latexit sha1_base64="ub5o5DmCn7dtGXtAewui/xf0/Y8="></latexit>

⌅0⌅� (3S1)

<latexit sha1_base64="Z40ScL6n+c+5sUh5kaIyHTSPm20="></latexit>

⌅0n (3S1)

<latexit sha1_base64="LBMymuzf+JQ3dTcO5opl2XjDZiQ="></latexit>

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>

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

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

pn

⌃+⌃0⌃�

⌅0⌅�

⇤ ⌦

<latexit sha1_base64="XXGwqf+s5xBEVLh3u6+yrgInwlc=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZDZmeXmV4hLLn5A171D7yJV3/EH/A7nCR70MSChqKqm2oqSKQw6LpfTmFtfWNzq7hd2tnd2z8oHx61TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbRSuxejiLjplytu1Z2DrBIvJxXI0eiXv3uDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miNsTP5u9OyZlVBiSMtR2FZK7+vshoZMwkCuxmRHFklr2Z+K/HqGJcLqVjeO1nQiUpcsUW4WEqCcZk1gcZCM0ZyokllGlh/ydsRDVlaFsr2WK85RpWSeui6tWql/e1Sv0mr6gIJ3AK5+DBFdThDhrQBAZjeIYXeHWenDfn3flYrBac/OYY/sD5/AHVG5gK</latexit>

pn

⌃+⌃0⌃�

⌅0⌅�

⇤

https://doi.org/10.1103/PhysRevD.96.114510
https://doi.org/10.1103/PhysRevD.96.114510
https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1103/PhysRevD.103.054508
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At very low energies, we can use pionless EFT to study the baryon-baryon 
interaction

NLO
c̃(27), . . . , c̃(8a)

<latexit sha1_base64="v7H3CyVjUOQJE1xafAvOjkneEq0="></latexit>

c̃1, . . . , c̃6
<latexit sha1_base64="BAbHzbYP9cj9mwejfVX7iCL1S6w="></latexit>

+

c1, . . . , c6
<latexit sha1_base64="oDNUDsLFhN30QuA1QT1Uib5tG9o="></latexit>

c(27), . . . , c(8a)
<latexit sha1_base64="xxs+EKEO8OEZ/msTQprteOrXhNg="></latexit>

Petschauer and Kaiser, NPA 916 (2013)

Savage and Wise, PRD 53 (1996)

c�1 , . . . , c
�
12

<latexit sha1_base64="EeW6vcS9u9bbzvDwssFMXJ+YYAU=">AAACHHicbVDLSsNAFJ3UV62vqEsXBovgopSkCrosunFZwT6gjWFyM22HTiZhZiKUkKW/4Q+41T9wJ24Ff8DvcNoG0dYDFw7n3Mu99/gxo1LZ9qdRWFpeWV0rrpc2Nre2d8zdvZaMEgGkCRGLRMfHkjDKSVNRxUgnFgSHPiNtf3Q18dv3REga8Vs1jokb4gGnfQpYackzD+Eu7cGQZp5T6bEgUrLyo6ROLfPMsl21p7AWiZOTMsrR8MyvXhBBEhKugGEpu44dKzfFQlFgJCv1EkliDCM8IF1NOQ6JdNPpI5l1rJXA6kdCF1fWVP09keJQynHo684Qq6Gc9ybivx5gDoTNbVf9CzelPE4U4TBb3k+YpSJrkpQVUEFAsbEmGATV91swxAKD0nmWdDDOfAyLpFWrOqfV2s1ZuX6ZR1REB+gInSAHnaM6ukYN1ESAHtATekYvxqPxarwZ77PWgpHP7KM/MD6+AXP0ofA=</latexit>

SU(3)
<latexit sha1_base64="0+SbV3/m5dsJ0NPrvNysrB3FLqk=">AAACAHicdVDLTgIxFO34RHyhLt00EhPckBaMwI7oxiVGB0hgQjqlQEOnM2k7JmTCxh9wq3/gzrj1T/wBv8MOYKJET3KTk3Puzb33+JHg2iD04aysrq1vbGa2sts7u3v7uYPDpg5jRZlLQxGqtk80E1wy13AjWDtSjAS+YC1/fJX6rXumNA/lnZlEzAvIUPIBp8RYyb11C+WzXi6PigghjDFMCa5cIEtqtWoJVyFOLYs8WKDRy312+yGNAyYNFUTrDkaR8RKiDKeCTbPdWLOI0DEZso6lkgRMe8ns2Ck8tUofDkJlSxo4U39OJCTQehL4tjMgZqSXvVT806NEUiaWtptB1Uu4jGLDJJ0vH8QCmhCmacA+V4waMbGEUMXt/ZCOiCLU2MyyNpjv7+H/pFkq4nKxdHOer18uIsqAY3ACCgCDCqiDa9AALqCAg0fwBJ6dB+fFeXXe5q0rzmLmCPyC8/4FCXiWZw==</latexit>

⇠⇠⇠SU(3)
<latexit sha1_base64="i/j+SDKt1+F6wWXircFmFzb2S4o=">AAACCXicdVDLTgIxFO3gC/GFunTTSExwQ6ZgBHZENy4xOkACI+mUDjR0OpO2Y0ImfIE/4Fb/wJ1x61f4A36HHcBEiZ7kJifn3Jt77/EizpS27Q8rs7K6tr6R3cxtbe/s7uX3D1oqjCWhDgl5KDseVpQzQR3NNKedSFIceJy2vfFl6rfvqVQsFLd6ElE3wEPBfEawNtJdj2BBKE9unGLldNrPF+ySbdsIIZgSVD23DanXa2VUgyi1DApggWY//9kbhCQOqNCEY6W6yI60m2CpGeF0muvFikaYjPGQdg0VOKDKTWZXT+GJUQbQD6UpoeFM/TmR4ECpSeCZzgDrkVr2UvFPb/7T0nbt19yEiSjWVJD5cj/mUIcwjQUOmKRE84khmEhm7odkhCUm2oSXM8F8fw//J61yCVVK5euzQuNiEVEWHIFjUAQIVEEDXIEmcAABEjyCJ/BsPVgv1qv1Nm/NWIuZQ/AL1vsXZwWaew==</latexit>

a, b
<latexit sha1_base64="r4ovev9AtmRg5ZPJHEH7MJNXrMU=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgQcJuFPQY9OIxonlAsoTZSW8yZHZ2mZkVQgj4A171D7yJV3/FH/A7nCR70MSChqKqm2oqSATXxnW/nNzK6tr6Rn6zsLW9s7tX3D9o6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/Wbj6g0j+WDGSXoR7QvecgZNVa6p2dBt1hyy+4MZJl4GSlBhlq3+N3pxSyNUBomqNZtz02MP6bKcCZwUuikGhPKhrSPbUsljVD749mrE3JilR4JY2VHGjJTf1+MaaT1KArsZkTNQC96U/Ffj1HJUCykm/DKH3OZpAYlm4eHqSAmJtMuSI8rZEaMLKFMcfs/YQOqKDO2sYItxlusYZk0KmXvvFy5uyhVr7OK8nAEx3AKHlxCFW6hBnVg0IdneIFX58l5c96dj/lqzsluDuEPnM8fCymV4A==</latexit>

SU(6)
<latexit sha1_base64="NEjSww/0OyXvnnyd954QaxBEMzE=">AAACAHicdVDLSgMxFM34rPVVdekmWIS6KUmVPnZFNy4rOm2hHUomTdvQTGZIMkIZuvEH3OofuBO3/ok/4HeYaSto0QMXDufcy733+JHg2iD04aysrq1vbGa2sts7u3v7uYPDpg5jRZlLQxGqtk80E1wy13AjWDtSjAS+YC1/fJX6rXumNA/lnZlEzAvIUPIBp8RYyb11C+WzXi6PigghjDFMCa6UkSW1WrWEqxCnlkUeLNDo5T67/ZDGAZOGCqJ1B6PIeAlRhlPBptlurFlE6JgMWcdSSQKmvWR27BSeWqUPB6GyJQ2cqT8nEhJoPQl82xkQM9LLXir+6VEiKRNL282g6iVcRrFhks6XD2IBTQjTNGCfK0aNmFhCqOL2fkhHRBFqbGZZG8z39/B/0iwV8XmxdHORr18uIsqAY3ACCgCDCqiDa9AALqCAg0fwBJ6dB+fFeXXe5q0rzmLmCPyC8/4FDkOWag==</latexit>

Kaplan and Savage, PLB 365 (1996)large Nc
<latexit sha1_base64="M4kzvIUB8JfDe1jWB9eGt+03r0M=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54konlAsoTZzmwyZHZ2mZkVQgj4A171D7yJV3/FH/A7nCR70MSChqKqm2oqSATXxnW/nNzK6tr6Rn6zsLW9s7tX3D9o6DhVyOoYi1i1AqqZ4JLVDTeCtRLFaBQI1gyG11O/+ciU5rF8MKOE+RHtSx5ypMZK97dd7BZLbtmdgSwTLyMlyFDrFr87vRjTiEmDgmrd9tzE+GOqDEfBJoVOqllCcUj7rG2ppBHT/nj26oScWKVHwljZkYbM1N8XYxppPYoCuxlRM9CL3lT810MqkYmFdBNe+mMuk9QwifPwMBXExGTaBelxxdCIkSUUFbf/ExxQRdHYxgq2GG+xhmXSqJS9s3Ll7rxUvcoqysMRHMMpeHABVbiBGtQBoQ/P8AKvzpPz5rw7H/PVnJPdHMIfOJ8/P86WAQ==</latexit>

<latexit sha1_base64="B4J5Kgless+Y1lLXnntGVMDAyjo="></latexit>

L(�⇡)
BB


� 1

aB1B2

+ µ

��1

=
MB1B2

2⇡
(c(irrep) + c�B1B2

)
<latexit sha1_base64="Z/WOtng5vFdbLEKw9b16f2F8TcY="></latexit>

c�B1B2
(m2

K �m2
⇡)

<latexit sha1_base64="mGlJBifh3hi75JhUC8U5cYrHpVo="></latexit>

Kaplan, Savage and Wise, PLB 424 (1998), NPB 534 (1998) 
van Kolck, NPA 645 (1999)

(                       )

(                       )

EFT for two-baryon systems

LO

https://doi.org/10.1016/j.nuclphysa.2013.07.010
https://doi.org/10.1016/j.nuclphysa.2013.07.010
https://doi.org/10.1103/PhysRevD.53.349
https://doi.org/10.1103/PhysRevD.53.349
https://doi.org/10.1016/0370-2693(95)01277-X
https://doi.org/10.1016/0370-2693(95)01277-X
https://doi.org/10.1016/S0370-2693(98)00210-X
https://doi.org/10.1016/S0550-3213(98)00440-4
https://doi.org/10.1016/S0375-9474(98)00612-5
https://doi.org/10.1016/S0375-9474(98)00612-5
https://doi.org/10.1016/S0370-2693(98)00210-X
https://doi.org/10.1016/S0550-3213(98)00440-4
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Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta

nf = 2 + 1, m⇡ = 450(5) MeV, b = 0.117(2) fm

<latexit sha1_base64="RsQyABNGUtGu6fCpzvUriFyQoHI="></latexit>

L 2 {2.8, 3.7, 5.6} fm

<latexit sha1_base64="DpIWZ8y68DbR26sJilj1F8qfZxA=">AAACHnicbVC7TsMwFHXKq5RXgJHFUCExoCgpLe3AUImFgaFI9CE1VeW4TmvVdiLbQaqizvwGP8AKf8CGWOEH+A7cxwAtR7pXR+fcq2ufIGZUadf9sjIrq2vrG9nN3Nb2zu6evX/QUFEiManjiEWyFSBFGBWkrqlmpBVLgnjASDMYXk/85gORikbiXo9i0uGoL2hIMdJG6trHtz4V0E8LTuXchxdO2fSSc+mPfehLnoZ83LXzruNOAZeJNyd5MEeta3/7vQgnnAiNGVKq7bmx7qRIaooZGef8RJEY4SHqk7ahAnGiOun0K2N4apQeDCNpSmg4VX9vpIgrNeKBmeRID9SiNxH/9TASmLCF6zqsdFIq4kQTgWfHw4RBHcFJVrBHJcGajQxBWFLzfogHSCKsTaI5E4y3GMMyaRQcr+iU7or56tU8oiw4AifgDHigDKrgBtRAHWDwCJ7BC3i1nqw36936mI1mrPnOIfgD6/MHw3mgNg==</latexit>

T 2 {7.5, 11.2, 11.2} fm

<latexit sha1_base64="mp/7etttpWpxJ9WYknCjiNWryR0=">AAACIHicbVDNSgMxGMzWv1r/qh69BIvgQZbd0lIPHgpePFboH3SXkk2zbWiSXZKsUJZ9AF/DF/Cqb+BNPOoD+Bym7R60dSBkmJmPL5kgZlRpx/m0ChubW9s7xd3S3v7B4VH5+KSrokRi0sERi2Q/QIowKkhHU81IP5YE8YCRXjC9nfu9ByIVjURbz2LiczQWNKQYaSMNy5W2RwX00oZdv/Kg69rV/PIyD3qSpyHPTMqxnQXgOnFzUgE5WsPytzeKcMKJ0JghpQauE2s/RVJTzEhW8hJFYoSnaEwGhgrEifLTxWcyeGGUEQwjaY7QcKH+nkgRV2rGA5PkSE/UqjcX//UwEpiwle06vPZTKuJEE4GXy8OEQR3BeVtwRCXBms0MQVhS836IJ0girE2nJVOMu1rDOulWbbdm1+9rleZNXlERnIFzcAlc0ABNcAdaoAMweATP4AW8Wk/Wm/VufSyjBSufOQV/YH39ALI5oKc=</latexit>

Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

-  Spectrum

https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1103/PhysRevD.103.054508
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Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta

nf = 2 + 1, m⇡ = 450(5) MeV, b = 0.117(2) fm

<latexit sha1_base64="RsQyABNGUtGu6fCpzvUriFyQoHI="></latexit>

With SU(3) flavor symmetry being explicitly broken, the baryons will 
have different mass

MN ⇠ 1.23 GeV

<latexit sha1_base64="LA9g8bfvk4puCGXL74A87y/fRyw=">AAACFnicbVDLSgNBEJz1bXxFPYmXwSB4CrsxouAl6EEvioKJgWwIs5NOMmR2dpnpFcMS/A1/wKv+gTfx6tUf8DucxBw0saChqOqmuyuIpTDoup/O1PTM7Nz8wmJmaXlldS27vlExUaI5lHkkI10NmAEpFJRRoIRqrIG FgYTboHs68G/vQBsRqRvsxVAPWVuJluAMrdTIbl00Ln0jQurlC/v+MfUR7jE9g0q/kc25eXcIOkm8EcmREa4a2S+/GfEkBIVcMmNqnhtjPWUaBZfQz/iJgZjxLmtDzVLFQjD1dPhCn+5apUlbkbalkA7V3xMpC43phYHtDBl2zLg3EP/1OFMc5Nh2bB3VU6HiBEHxn+WtRFKM6CAj2hQaOMqeJYxrYe+nvMM042iTzNhgvPEYJkmlkPeK+YPrYq50MopogWyTHbJHPHJISuScXJEy4eSBPJFn8uI8Oq/Om/P+0zrljGY2yR84H9/gF55X</latexit>

M⇤ ⇠ 1.31 GeV

<latexit sha1_base64="i2ij8aAGkrRRo60ycIzDsqOc90I=">AAACHnicbVDLSgMxFM34rPVVdekmWgRXZUYrCm6KLnShUMG2glNKJr2toZnMkNwRy9C1v+EPuNU/cCdu9Qf8DtPHQlsPBA7nnMu9OUEshUHX/XKmpmdm5+YzC9nFpeWV1dzaetVEieZQ4ZGM9E3ADEihoIICJdzEGlgYSKgFndO+X7sHbUSkrrEbQz1kbSVagjO0UiO3ddlI/Qubb7Keb0RIvcK+5x9TH+EB0zOo9hq5vFtwB6CTxBuRPBmh3Mh9+82IJyEo5JIZc+u5MdZTplFwCb2snxiIGe+wNtxaqlgIpp4OvtKjO1Zp0lak7VNIB+rviZSFxnTDwCZDhndm3OuL/3qcKQ5ybDu2juqpUHGCoPhweSuRFCPa74o2hQaOsmsJ41rY+ym/Y5pxtI1mbTHeeA2TpLpX8IqFg6tivnQyqihDNsk22SUeOSQlck7KpEI4eSTP5IW8Ok/Om/PufAyjU85oZoP8gfP5A536oe0=</latexit>

M⌃ ⇠ 1.35 GeV

<latexit sha1_base64="uuv2V7CrnaZFy/wha9x3IuCGrbI=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIKnsKsJCl5ED3oRFE0iZEOYnXTikJnZZaZXDEuu/oY/4FX/wJt4FX/A73ASc9BoQUNR1U13V5RIYdH3P7yJyanpmdm5+dzC4tLySn51rWrj1HCo8FjG5jpiFqTQUEGBEq4TA0xFEmpR93jg127BWBHrK+wl0FCso0VbcIZOaubpWTMLL0VHsX5ohaJBcbccHtAQ4Q6zE6j2m/mCX/SHoH9JMCIFMsJ5M/8ZtmKeKtDIJbO2HvgJNjJmUHAJ/VyYWkgY77IO1B3VTIFtZMNP+nTLKS3ajo0rjXSo/pzImLK2pyLXqRje2HFvIP7rcaY5yLHt2N5vZEInKYLm38vbqaQY00FUtCUMcJQ9Rxg3wt1P+Q0zjKMLNOeCCcZj+EuqO8WgVCxflAqHR6OI5sgG2STbJCB75JCcknNSIZzck0fyRJ69B+/Fe/XevlsnvNHMOvkF7/0L9Uqhlw==</latexit>

M⌅ ⇠ 1.41 GeV

<latexit sha1_base64="/NeiwNjgKWYp2d5kueU3zLNXgH4=">AAACGnicbVDLSgNBEJyNrxhfUY8iDAbBU9iViIKXoAe9CBHMA9wQZiedZMjs7DLTK4YlJ3/DH/Cqf+BNvHrxB/wOJ4+DRgsaiqpuuruCWAqDrvvpZObmFxaXssu5ldW19Y385lbNRInmUOWRjHQjYAakUFBFgRIasQYWBhLqQf985NfvQBsRqRscxNAMWVeJjuAMrdTK7161Ur8hhr4RIfWKJc8/pT7CPaYXUBu28gW36I5B/xJvSgpkikor/+W3I56EoJBLZsyt58bYTJlGwSUMc35iIGa8z7pwa6liIZhmOn5jSPet0qadSNtSSMfqz4mUhcYMwsB2hgx7ZtYbif96nCkOcmY7dk6aqVBxgqD4ZHknkRQjOsqJtoUGjnJgCeNa2Psp7zHNONo0czYYbzaGv6R2WPRKxaPrUqF8No0oS3bIHjkgHjkmZXJJKqRKOHkgT+SZvDiPzqvz5rxPWjPOdGab/ILz8Q14iKBG</latexit>

5 10 15 20 25 30
⌧ [l.u.]

0.70

0.75

0.80

0.85

M
B
(⌧

)
[l
.u

.]

N

Λ

Σ

Ξ

L 2 {2.8, 3.7, 5.6} fm

<latexit sha1_base64="DpIWZ8y68DbR26sJilj1F8qfZxA=">AAACHnicbVC7TsMwFHXKq5RXgJHFUCExoCgpLe3AUImFgaFI9CE1VeW4TmvVdiLbQaqizvwGP8AKf8CGWOEH+A7cxwAtR7pXR+fcq2ufIGZUadf9sjIrq2vrG9nN3Nb2zu6evX/QUFEiManjiEWyFSBFGBWkrqlmpBVLgnjASDMYXk/85gORikbiXo9i0uGoL2hIMdJG6trHtz4V0E8LTuXchxdO2fSSc+mPfehLnoZ83LXzruNOAZeJNyd5MEeta3/7vQgnnAiNGVKq7bmx7qRIaooZGef8RJEY4SHqk7ahAnGiOun0K2N4apQeDCNpSmg4VX9vpIgrNeKBmeRID9SiNxH/9TASmLCF6zqsdFIq4kQTgWfHw4RBHcFJVrBHJcGajQxBWFLzfogHSCKsTaI5E4y3GMMyaRQcr+iU7or56tU8oiw4AifgDHigDKrgBtRAHWDwCJ7BC3i1nqw36936mI1mrPnOIfgD6/MHw3mgNg==</latexit>

T 2 {7.5, 11.2, 11.2} fm

<latexit sha1_base64="mp/7etttpWpxJ9WYknCjiNWryR0=">AAACIHicbVDNSgMxGMzWv1r/qh69BIvgQZbd0lIPHgpePFboH3SXkk2zbWiSXZKsUJZ9AF/DF/Cqb+BNPOoD+Bym7R60dSBkmJmPL5kgZlRpx/m0ChubW9s7xd3S3v7B4VH5+KSrokRi0sERi2Q/QIowKkhHU81IP5YE8YCRXjC9nfu9ByIVjURbz2LiczQWNKQYaSMNy5W2RwX00oZdv/Kg69rV/PIyD3qSpyHPTMqxnQXgOnFzUgE5WsPytzeKcMKJ0JghpQauE2s/RVJTzEhW8hJFYoSnaEwGhgrEifLTxWcyeGGUEQwjaY7QcKH+nkgRV2rGA5PkSE/UqjcX//UwEpiwle06vPZTKuJEE4GXy8OEQR3BeVtwRCXBms0MQVhS836IJ0girE2nJVOMu1rDOulWbbdm1+9rleZNXlERnIFzcAlc0ABNcAdaoAMweATP4AW8Wk/Wm/VufSyjBSufOQV/YH39ALI5oKc=</latexit>

Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

-  Spectrum

https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1103/PhysRevD.103.054508
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nf = 2 + 1, m⇡ = 450(5) MeV, b = 0.117(2) fm

<latexit sha1_base64="RsQyABNGUtGu6fCpzvUriFyQoHI="></latexit>
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Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta

-  Spectrum

https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.103.054504&v=f0c426d9
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.103.054504&v=f0c426d9
https://doi.org/10.1103/PhysRevD.103.054508
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A total of 12 kinematic 
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Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

-  Spectrum
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We use Lüscher’s formalism to compute binding energies and scattering 
parameters
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Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

Lüscher, CMP 105 (1986), NPB 354 (1991) + many more

-  Binding energies

https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1007/BF01211097
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Now not all the kinematic points fall inside the t-channel cut…
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Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

We use Lüscher’s formalism to compute binding energies and scattering 
parameters.

-  Scattering parameters

Lüscher, CMP 105 (1986), NPB 354 (1991) + many more

https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1007/BF01211097
https://doi.org/10.1016/0550-3213(91)90366-6
https://doi.org/10.1007/BF01211097
https://doi.org/10.1016/0550-3213(91)90366-6
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Compared to 800 MeV, we have now less points to fit with larger 
uncertainties

mπ ∼

Systems with resolved r/a show unnaturalness

Can also compute the scattering length as: a−1 = κ(∞)

A =
2⇡

M̃

i

k⇤ cot � � ik⇤
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k⇤ = i(1)
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k⇤ cot �|k⇤=i(1) + (1) = 0
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Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

-  Scattering parameters

https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1103/PhysRevD.103.054508
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If we want to study SU(6), first we have to check SU(3)f

For the 27-plet systems:

NN : c(27) + 4(c�3 � c�4 )
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Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

-  EFT constraints

https://doi.org/10.1103/PhysRevD.103.054508
https://doi.org/10.1103/PhysRevD.103.054508
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SU(3)

☞ Similarities between the binding energies and scattering 
parameters of the systems within the same irrep

☞ The violation of the Gell-Mann-Okubo mass relation is an order 
of magnitude smaller compared to the experimental value

MN +M⌅

2
=

3M⇤ +M⌃

4
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Results at mπ ∼ 450 MeV
Illa et al. [NPLQCD], PRD 103 (2021), 054508

-  EFT constraints

https://doi.org/10.1103/PhysRevD.103.054508
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-  EFT constraints
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LQCD can be used to help constrain EFTs when there are no 
experimental data

Although calculations are not @ physical point, they are useful 
to reveal the symmetries more clearly 

At 800 MeV, there is an accidental SU(16) symmetry, and at 
450 MeV, despite the quarks having different masses, SU(3) and 
SU(6) are still approximate

Discrepancies between different methods (variational, HAL QCD) 
need to be understood

Calculations near the physical pion mass are being performed

Summary

☞

☞

☞

☞
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