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Many-quark bound-state structure
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The partonic structure of nuclei is 
noticeably different from the nucleon

Multi-nucleon correlations are 
essential for modern nuclear 
theory calculations to reproduce 
nuclear     -decay measurements

Malace et al, Int. J. Mod. Phys. E 23 (2014)

Gysbers et al, Nature Phys. 15 (2019)

The emergence of the EMC effect and it’s 
analogs from QCD is not yet understood

Aubert et al (EMC), Phys. Lett. 123B (1983)
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LQCD can constrain nuclear forces, 
two-body currents, and nuclear PDF 
modifications using calculations of 
the lightest nuclei

LQCD calculations of nucleon matrix 
elements are revealing fundamental 
aspects of hadron structure

See talks this afternoon, this talk will focus on 
nuclei in particular



New physics and nuclei
Nuclei are abundant and useful 

experimental targets
Xenon1T constraint on Dark Matter-nucleus

Converting between nuclear- and 
nucleon-level cross-sections requires

• Nuclear models (error bar ?s)  

• Direct LQCD calculations (impractical) 

• LQCD informed EFT + modeling

Next-generation accelerator neutrino experiments require 
few-percent level control of nuclear cross-sections

DUNEStandard Model predictions with controlled uncertainties essential



Nuclear matrix elements from LQCD
Electroweak nuclear matrix elements and nuclear PDF moments extracted from  

     3pt / 2pt function ratios, “just” need (often multi-local) nuclear interpolating operators

Fixed-order background field method simplifies three-point function contractions

New results this year with                              and m⇡ ⇠ 450 MeV
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m⇡ ⇠ 800 MeV

<latexit sha1_base64="b3awg3UXeSp18bJNjrWlRFQhLZk=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHYlYo5BL16ECOYB2RBmJ51kyMzuMtMrhiXgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BLIVB1/12lpZXVtfWMxvZza3tnd3c3n7NRInmUOWRjHQjYAakCKGKAiU0Yg1MBRLqweBq7NfvQRsRhXc4jKGlWC8UXcEZWqmdO1RtPxbUN0LRkuv6CA+Y0huojWg7l3cL7gR0kXgzkiczVNq5L78T8URBiFwyY5qeG2MrZRoFlzDK+omBmPEB60HT0pApMK108sOInlilQ7uRthUinai/J1KmjBmqwHYqhn0z743F/7xmgt1SKxVhnCCEfLqom0iKER0HQjtCA0c5tIRxLeytlPeZZhxtbFkbgjf/8iKpnRW8YuH8tpgvX87iyJAjckxOiUcuSJlckwqpEk4eyTN5JW/Ok/PivDsf09YlZzZzQP7A+fwBLIWWlg==</latexit>

Parreño et al [NPLQCD] PRD 103 (2021)

arXiv:2102.03805

Illa et al [NPLQCD] PRD 103 (2021)
Detmold et al [NPLQCD]  

arXiv:2009.05522  

(accepted to PRL, in prep)
arXiv:2009.12357

Lattice methods, EFT matching strategies, and early nuclear ME results reviewed:

Davoudi et al, Phys.Rept. 900 (2021)



Isovector Isoscalar
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Deuteron Dineutron Triton
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Electromagnetic structure and

Proton-proton fusion and             computed 
using fixed-order background field method

Scalar, axial, and tensor matrix elements

Beane et al [NPLQCD] PRL 115 (2015)
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Savage et al [NPLQCD], PRL 119 (2017)

Chang et al [NPLQCD], PRL 120 (2018)

Tiburzi et al [NPLQCD], PRD 96 (2017)

Shanahan et al [NPLQCD], PRL 119 (2017)

Gluonic structure of light nuclei

Winter et al [NPLQCD], PRD 96 (2017)

Nuclear matrix elements from LQCD

m⇡ ⇠ 800 MeV
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Beane et al [NPLQCD] PRL 113 (2014)

Detmold et al [NPLQCD] PRL 116 (2016)



Momentum fractions of light nuclei
Momentum fraction carried by any quark flavor (or gluons) calculable from local 

matrix elements in generic hadrons

hxiih =

Z 1

�1
dx x qih(x) = C(Mh, ~p, J)

JX

�=�J

⌦
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First calculation of isovector quark momentum fractions of light nuclei performed

Although systematic uncertainties are not fully controlled (one lattice spacing, volume, 
quark mass, …) demonstrates potential for LQCD to usefully constrain nuclear PDFs

arXiv:2009.05522Detmold et al [NPLQCD] PRL.xx



Matching to nuclear EFT
New analysis of baryon-baryon 

correlation functions allows 
(hyper-)nuclear forces to be 
constrained using pionless EFT
Illa et al [NPLQCD] PRD 103 (2021)

Approximate symmetries including 
SU(6) spin-flavor observed, though 
less pronounced than at SU(3) 
symmetric quark masses

Pionless EFT can also be used as a 
tool to extrapolate lattice QCD 
results to infinite-volume

Stochastic variational approach to infinite-
volume extrapolation of energies

Recently extended to infinite-volume 
extrapolation of nuclear matrix elements

Detmold and Shanahan, PRD 103 (2021)

Barnea et al, PRL 114 (2015)
Parreño et al [NPLQCD] PRD 103 (2021)



Triton      - decayβ

Triton studied with one                      
ensemble, 3 lattice volumes

m⇡ ⇠ 450 MeV
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Ground-state energy consistent with a 
binding energy intermediate between 
nature and m⇡ ⇠ 800 MeV

<latexit sha1_base64="pzpcVURcvQ1xGUsIVDN/hzUJ0xM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHYlYo5BL16ECOYB2RBmJ51kyMzuMtMrhiXgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BLIVB1/12lpZXVtfWMxvZza3tnd3c3n7NRInmUOWRjHQjYAakCKGKAiU0Yg1MBRLqweBq7NfvQRsRhXc4jKGlWC8UXcEZWqmdO1RtPxbUN0LRkutSH+EBU3oDtVE7l3cL7gR0kXgzkiczVNq5L78T8URBiFwyY5qeG2MrZRoFlzDK+omBmPEB60HT0pApMK108sOInlilQ7uRthUinai/J1KmjBmqwHYqhn0z743F/7xmgt1SKxVhnCCEfLqom0iKER0HQjtCA0c5tIRxLeytlPeZZhxtbFkbgjf/8iKpnRW8YuH8tpgvX87iyJAjckxOiUcuSJlckwqpEk4eyTN5JW/Ok/PivDsf09YlZzZzQP7A+fwBKaSWlg==</latexit>

Gamow-Teller matrix element governing 
triton      - decay rate computed�

<latexit sha1_base64="GmQ8gpHDbR/zaLrYtPjo00gqMnw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ74Ucab9ac+vuHGSVeAWpQYFmv/rVGyQsi7lCJqkxXc9NMcipRsEkn1Z6meEpZWM65F1LFY25CfL5sVNyZpUBiRJtSyGZq78nchobM4lD2xlTHJllbyb+53UzjG6CXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8KjYEb/nlVdK6qHuX9auHy1rjtoijDCdwCufgwTU04B6a4AMDAc/wCm+Ocl6cd+dj0Vpyiplj+APn8wfGbo6s</latexit>
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<latexit sha1_base64="xWjgeGyRuhsnzie+KCvKL3I5e4E="></latexit>
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<latexit sha1_base64="xWjgeGyRuhsnzie+KCvKL3I5e4E="></latexit>

⌫
<latexit sha1_base64="6wLGnCIKaHaBvdzOV+2L+VvEUAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1busuve1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1+Njdk=</latexit>

e�
<latexit sha1_base64="9CYQjP3HhK2fGrrANqYA/ZPH9+I=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQq6LHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindece8uytXrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHnxI2K</latexit>

Robust fitting methodology used to study 
excited-state effects

Parreño et al [NPLQCD] PRD 103 (2021)



Triton      - decayβ
Triton     - decay results with                                    

permit first extrapolations to physical point
m⇡ ⇠ 450 MeV

<latexit sha1_base64="kE6F0HrgVmDH0MC6RnbFL6Nvtr8=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHYlQY9BL16ECOYB2RBmJ51kyMzuMtMrhiXgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BLIVB1/12lpZXVtfWMxvZza3tnd3c3n7NRInmUOWRjHQjYAakCKGKAiU0Yg1MBRLqweBq7NfvQRsRhXc4jKGlWC8UXcEZWqmdO1RtPxbUN0LRYsmlPsIDpvQGaqN2Lu8W3AnoIvFmJE9mqLRzX34n4omCELlkxjQ9N8ZWyjQKLmGU9RMDMeMD1oOmpSFTYFrp5IcRPbFKh3YjbStEOlF/T6RMGTNUge1UDPtm3huL/3nNBLsXrVSEcYIQ8umibiIpRnQcCO0IDRzl0BLGtbC3Ut5nmnG0sWVtCN78y4ukdlbwioXSbTFfvpzFkSFH5JicEo+ckzK5JhVSJZw8kmfySt6cJ+fFeXc+pq1LzmzmgPyB8/kDKzGWlw==</latexit>

�

<latexit sha1_base64="GmQ8gpHDbR/zaLrYtPjo00gqMnw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ74Ucab9ac+vuHGSVeAWpQYFmv/rVGyQsi7lCJqkxXc9NMcipRsEkn1Z6meEpZWM65F1LFY25CfL5sVNyZpUBiRJtSyGZq78nchobM4lD2xlTHJllbyb+53UzjG6CXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8KjYEb/nlVdK6qHuX9auHy1rjtoijDCdwCufgwTU04B6a4AMDAc/wCm+Ocl6cd+dj0Vpyiplj+APn8wfGbo6s</latexit>

Several systematic uncertainties remain, 
but encouraging agreement with 
experiment seen 

Results used to constrain two-body 
axial current in pionless EFT

gA
<latexit sha1_base64="KuHQMugIYBcusXDkWjfRWLVf7xo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPVi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6GPSue+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt551b2/qNRu8jiKcATHcAoeXEIN7qAODWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QMKtI2h</latexit>

L1A
<latexit sha1_base64="BfA3V86dLyFWF2W9GJ/FpsqlPt8=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9Fj14sFDBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhYngxnreN1paXlldWy9sFDe3tnd2S3v7DaNSTVmdKqF0KySGCS5Z3XIrWCvRjMShYM1weDPxm09MG67kgx0lLIhJX/KIU2Kd1LjrZv7VuFsqexVvCrxI/JyUIUetW/rq9BRNYyYtFcSYtu8lNsiItpwKNi52UsMSQoekz9qOShIzE2TTa8f42Ck9HCntSlo8VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQZZFwmqWWSzhZFqcBW4cnruMc1o1aMHCFUc3crpgOiCbUuoKILwZ9/eZE0Tiv+WcW7Py9Xr/M4CnAIR3ACPlxAFW6hBnWg8AjP8ApvSKEX9I4+Zq1LKJ85gD9Anz8Wp47N</latexit>

Parreño et al [NPLQCD] PRD 103 (2021)



Approaching the physical point
Very high statistics required

m⇡ ⇠ 140 MeV:

<latexit sha1_base64="+OQ+ozD6BdbVibWQI5tzHwPn86o=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwCncSUayCNjZCBPMBuRD2NpNkye7dsTsnhiONjX/FxkIRW/+Dnf/GzUehiQ8GHu/NMDMviKUw6LrfzsLi0vLKamYtu76xubWd29mtmijRHCo8kpGuB8yAFCFUUKCEeqyBqUBCLehfjfzaPWgjovAOBzE0FeuGoiM4Qyu1cgeq5ceC+kYo6hVdH+EBU3oD1Qs6pK1c3i24Y9B54k1JnkxRbuW+/HbEEwUhcsmMaXhujM2UaRRcwjDrJwZixvusCw1LQ6bANNPxF0N6ZJU27UTaVoh0rP6eSJkyZqAC26kY9sysNxL/8xoJds6bqQjjBCHkk0WdRFKM6CgS2hYaOMqBJYxrYW+lvMc042iDy9oQvNmX50n1pOAVC6e3xXzpchpHhuyTQ3JMPHJGSuSalEmFcPJInskreXOenBfn3fmYtC4405k98gfO5w8MGpcB</latexit>

109

<latexit sha1_base64="FAuHarm0/QBBqWxgXwMCjDYaTrg=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVFvVW9OKxgv2Adi3ZNNuGJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3md56o0iySD2YaU1/gkWQhI9hkkuc+Xg/KFbfqzoFWiZeTCuRoDspf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X46v3WGzqwyRGGkbEmD5urviRQLracisJ0Cm7Fe9jLxP6+XmPDKT5mME0MlWSwKE45MhLLH0ZApSgyfWoKJYvZWRMZYYWJsPCUbgrf88ippX1S9WrV+X6s0bvI4inACp3AOHlxCA+6gCS0gMIZneIU3RzgvzrvzsWgtOPnMMfyB8/kDGvKNog==</latexit>

107

<latexit sha1_base64="yKBjxSwEDN1xf7QNrO1fNyxeIuk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVlnosevFYwX5Au5Zsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMfG8Nyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46V1WvVq3f1yrNmzyOIpzBOVyCBw1owh20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AF+qNoA==</latexit>

105

<latexit sha1_base64="GqxbSpPDH4S6nI/4PtdrWQHZbeA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVlnosevFYwX5Au5Zsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf68Nyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46V1WvVq3f1yrNmzyOIpzBOVyCBw1owh20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AFOKNng==</latexit>

m⇡ ⇠ 800 MeV:

<latexit sha1_base64="0CrVtck6oSvPb/nJ6PMwJOPp5CA=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBYhTtRDFZBGxshgkmE3BH2NhNd3L07dufEcKSw8a/YWChi64+w89+4Sa7QxAcDj/dmmJkXJlIYdN1vZ25+YXFpubBSXF1b39gsbW23TJxqDk0ey1hfh8yAFBE0UaCE60QDU6GEdnh3NvLb96CNiKMrHCQQKHYTib7gDK3ULZVV108E9Y1QtOa6PsIDZvQCWid02C1V3Ko7Bp0lXk4qJEejW/ryezFPFUTIJTOm47kJBhnTKLiEYdFPDSSM37Eb6FgaMQUmyMZPDOmeVXq0H2tbEdKx+nsiY8qYgQptp2J4a6a9kfif10mxXwsyESUpQsQni/qppBjTUSK0JzRwlANLGNfC3kr5LdOMo82taEPwpl+eJa2DqndYPbo8rNRP8zgKpEx2yT7xyDGpk3PSIE3CySN5Jq/kzXlyXpx352PSOufkMzvkD5zPH7H7lto=</latexit>

e3(2MN�3m⇡)(1 fm)

<latexit sha1_base64="wr9E2OZ2WNEiPf9WAB5gYZLeW2I=">AAACGHicbVDLSgNBEJz1bXxFPXoZDEI8GHd9oMegFy+KglEhG5fZSW8yZGZ3mekVw5LP8OKvePGgiNfc/BsnMQdfBQ1FVTfdXWEqhUHX/XDGxicmp6ZnZgtz8wuLS8XllSuTZJpDjScy0TchMyBFDDUUKOEm1cBUKOE67BwP/Os70EYk8SV2U2go1opFJDhDKwXFbQq3+S71JURY3jkNzugW3VWBnwpfi1YbN2nZ8xHuMaeR6m32gmLJrbhD0L/EG5ESGeE8KPb9ZsIzBTFyyYype26KjZxpFFxCr+BnBlLGO6wFdUtjpsA08uFjPbphlSaNEm0rRjpUv0/kTBnTVaHtVAzb5rc3EP/z6hlGh41cxGmGEPOvRVEmKSZ0kBJtCg0cZdcSxrWwt1LeZppxtFkWbAje75f/kqudirdX2b/YK1WPRnHMkDWyTsrEIwekSk7IOakRTh7IE3khr86j8+y8Oe9frWPOaGaV/IDT/wQkTZ4E</latexit>

m⇡ ⇠ 450 MeV:

<latexit sha1_base64="nPGBDlS70TZi1G3Jff8of1gDgp8=">AAACBXicbVA9SwNBEN3z2/h1aqnFYhCswp0kKFaijY0QwUQhd4S9zSRZ3L07dufEcKSx8a/YWChi63+w89+4+Sg08cHA470ZZuZFqRQGPe/bmZmdm19YXFourKyurW+4m1t1k2SaQ40nMtG3ETMgRQw1FCjhNtXAVCThJro7H/g396CNSOJr7KUQKtaJRVtwhlZquruqGaSCBkYoWq54AcID5vQS6ie0T5tu0St5Q9Bp4o9JkYxRbbpfQSvhmYIYuWTGNHwvxTBnGgWX0C8EmYGU8TvWgYalMVNgwnz4RZ/uW6VF24m2FSMdqr8ncqaM6anIdiqGXTPpDcT/vEaG7eMwF3GaIcR8tKidSYoJHURCW0IDR9mzhHEt7K2Ud5lmHG1wBRuCP/nyNKkflvxyqXJVLp6ejeNYIjtkjxwQnxyRU3JBqqRGOHkkz+SVvDlPzovz7nyMWmec8cw2+QPn8wcSaZcF</latexit>

Sparsened quark propagators and baryon blocks allow manageable storage

QUDA multigrid with many 
propagator sources per 
configuration

QDP / JIT used to put all parts of propagator calculations on GPU

Improved Wilson fermions used for 
efficiency and simplicity of 
contractions / spin algebra

Winter, Clark, Edwards, Jóo, Proceedings IPDPS ’14 (2014)

Clark et al, Proceedings SC ’16 (2016)

Detmold et al [NPLQCD], arXiv:1908.07050



Systematic uncertainties
Several systematic uncertainties remain to be quantified in detail

• Heavier than physical quark masses only 

• One lattice spacing 

• Excited-state effects



• Heavier than physical quark masses only 

• One lattice spacing 

• Excited-state effects

Systematic uncertainties
Several systematic uncertainties remain to be quantified in detail

Gap between ground and two-nucleon finite-volume “scattering” states becomes 
small for large volumes, ground-state dominance relies on overlap factors
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<latexit sha1_base64="NhbzkLzwC5Iqt9UwDWYqWXCciIw="></latexit>
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<latexit sha1_base64="CsInhY8oRrjx6OUWln6FBHL7SKY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSlIquiy6caFQwT6giWUynbRDZ5IwcyOU0K0bf8WNC0Xc+gfu/BunbRbaeuBeDufcy8w9QSK4Bsf5tpaWV1bX1gsbxc2t7Z1de2+/qeNUUdagsYhVOyCaCR6xBnAQrJ0oRmQgWCsYXk781gNTmsfRHYwS5kvSj3jIKQEjdW3s9ZgAgj3NJfZCRWhWxV7C7yvj7Oba9K5dcsrOFHiRuDkpoRz1rv3l9WKaShYBFUTrjusk4GdEAaeCjYteqllC6JD0WcfQiEim/Wx6yRgfG6WHw1iZigBP1d8bGZFaj2RgJiWBgZ73JuJ/XieF8NzPeJSkwCI6eyhMBYYYT2LBPa4YBTEyhFDFzV8xHRATB5jwiiYEd/7kRdKslN1q+fS2Wqpd5HEU0CE6QifIRWeohq5QHTUQRY/oGb2iN+vJerHerY/Z6JKV7xygP7A+fwA6Wplo</latexit>

For non-positive-definite correlation functions, cancellations between the ground and 
excited-state could in principle conspire to form a “false plateau”

First studies using positive-definite correlation functions (enabled by distillation / 
stochastic LapH) give results in tension with previous studies

Hörz et al, PRC 103 (2021)Francis et al, PRD 99 (2019) Green et al, arXiv:2103.01054

See e.g. Iritani et al, JHEP 10 (2016)



Thinking positive
Correlation-function matrices for an interpolator set including both local “hexaquark” 

and bilocal “dibaryon” operators generalize calculations performed to date

Also possible to include “quasi-local” operators with a variety of wavefunctions in 
an interpolating operator set, may increase overlap with loose bound states



Contractions - a piece of cake

Loops over independent spatial locations 
for each baryon are expensive
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10 • Sparsening

• Bilocal baryon blocks 
(product of sums)

V 4 ! V 3

<latexit sha1_base64="SNCzFOwb7kfyPEjbZgT+pMzo21Q=">AAAB/HicbVBNT8JAEN36ifhV5ehlIzHxRFrF6JHoxSMmUkigkO2ywIbtttmdapoG/4oXDxrj1R/izX/jAj0o+JJJXt6bycy8IBZcg+N8Wyura+sbm4Wt4vbO7t6+fXDo6ShRlDVoJCLVCohmgkvWAA6CtWLFSBgI1gzGN1O/+cCU5pG8hzRmfkiGkg84JWCknl3yulXcUXw4AqJU9Ii97nnPLjsVZwa8TNyclFGOes/+6vQjmoRMAhVE67brxOBnRAGngk2KnUSzmNAxGbK2oZKETPvZ7PgJPjFKHw8iZUoCnqm/JzISap2GgekMCYz0ojcV//PaCQyu/IzLOAEm6XzRIBEYIjxNAve5YhREagihiptbMR0RRSiYvIomBHfx5WXinVXcauXirlquXedxFNAROkanyEWXqIZuUR01EEUpekav6M16sl6sd+tj3rpi5TMl9AfW5w+p65Ql</latexit>

V ! Vsparse

<latexit sha1_base64="nuSS6Tv1Rp6CkrhETbdVeKDjVhQ=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KolUdFl047KCTQtNCJPppB06jzAzUUroxo2/4saFIm79B3f+jdPHQlsPXDiccy/33pNkjGrjed/O0vLK6tp6aaO8ubW9s+vu7Qda5gqTJpZMqnaCNGFUkKahhpF2pgjiCSOtZHA99lv3RGkqxZ0ZZiTiqCdoSjEyVordowCGivb6BiklH2AQF6HiUGdIaTKK3YpX9SaAi8SfkQqYoRG7X2FX4pwTYTBDWnd8LzNRgZShmJFROcw1yRAeoB7pWCoQJzoqJl+M4IlVujCVypYwcKL+nigQ13rIE9vJkenreW8s/ud1cpNeRgUVWW6IwNNFac6gkXAcCexSRbBhQ0sQVtTeCnEfKYSNDa5sQ/DnX14kwVnVr1XPb2uV+tUsjhI4BMfgFPjgAtTBDWiAJsDgETyDV/DmPDkvzrvzMW1dcmYzB+APnM8fhleYnA==</latexit>

• Tiramisu — a C++ polyhedral 
compiler that excels at 
optimizing tensor contractions

Baghdadi et al, arXiv:2005.04091

https://github.com/Tiramisu-Compiler/tiramisu

Tiramisu vs reference C++ code



Towards variational studies of nuclei

Promising preliminary results obtained by 
solving Generalized Eigenvalue 
Problem (GEVP) with variational sets 
of two-nucleon interpolating operators

PRE
LIM

INA
RY

Next step: variational baryon-
baryon scattering including 
coupled-channel systems 
relevant for H-dibaryon and 
neutron star physics

LQCD calculations of nuclear 
matrix elements with fully 
controlled systematic 
uncertainties on the horizon

m⇡ ⇠ 170 MeV

<latexit sha1_base64="NhtaLXH6qmzuE6TfZTXu5fGlU0A=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHYlEo9BL16ECOYB2RBmJ51kyMzuMtMrhiXgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BLIVB1/12lpZXVtfWMxvZza3tnd3c3n7NRInmUOWRjHQjYAakCKGKAiU0Yg1MBRLqweBq7NfvQRsRhXc4jKGlWC8UXcEZWqmdO1RtPxbUN0JRr+RSH+EBU3oDtVE7l3cL7gR0kXgzkiczVNq5L78T8URBiFwyY5qeG2MrZRoFlzDK+omBmPEB60HT0pApMK108sOInlilQ7uRthUinai/J1KmjBmqwHYqhn0z743F/7xmgt2LVirCOEEI+XRRN5EUIzoOhHaEBo5yaAnjWthbKe8zzTja2LI2BG/+5UVSOyt4xcL5bTFfvpzFkSFH5JicEo+USJlckwqpEk4eyTN5JW/Ok/PivDsf09YlZzZzQP7A+fwBKZ2Wlg==</latexit>

New contraction codes validated 
(including machine precision 
symmetry tests) and CPU version 
optimized


