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Challenges of 

τnn ≳ 1.8 × 108

τnn

Neutrino-argon cross-sections with few 
percent-level accuracy required to 
achieve design sensitivity to CP 
violation at DUNE

✐ J.A. Formaggio and G.P. Zeller, RMP 84 (2012) 

DUNE

νA

Acciarri et al (DUNE) arXiv 1512.06148

Accelerator neutrino flux covers a wide 
range of energies with different 
dominant physics processes: 

• Quasi-elastic 

• Resonance production 

• Transition region 

• Deep inelastic scattering

Adapted from Formaggio, Zeller, Rev. Mod. Phys. 84 (2012)



Lattice QCD and νA

Nucleon form 
factors transition form factors

N, ⇡, �
<latexit sha1_base64="tIpn9MuLgAahSxmEGI5NA8YiSMk=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAgupCRS0WVRF66kgn1AE8pketMOnUzCzKRQQv/EjQtF3Pon7vwbJ20W2nrgXg7n3MvcOUHCmdKO822trK6tb2yWtsrbO7t7+/bBYUvFqaTQpDGPZScgCjgT0NRMc+gkEkgUcGgHo9vcb49BKhaLJz1JwI/IQLCQUaKN1LPth3MPewnL+x1wTXp2xak6M+Bl4hakggo0evaX149pGoHQlBOluq6TaD8jUjPKYVr2UgUJoSMygK6hgkSg/Gx2+RSfGqWPw1iaEhrP1N8bGYmUmkSBmYyIHqpFLxf/87qpDq/9jIkk1SDo/KEw5VjHOI8B95kEqvnEEEIlM7diOiSSUG3CKpsQ3MUvL5PWRdWtVS8fa5X6TRFHCR2jE3SGXHSF6ugeNVATUTRGz+gVvVmZ9WK9Wx/z0RWr2DlCf2B9/gCyk5Js</latexit>

Multi-nucleon 
currents

Nucleon / nuclear 
PDFs

LQCD can provide accurate constraints on          scattering across energies⌫A
<latexit sha1_base64="gQ41dpatYhEDdrc9ZeTnLe5eEm0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeqF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzIjN71yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqLrYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukWat6F9Xaw2WlfpvHUYQTOIVz8OAK6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDP7SOUA==</latexit>

See USQCD         white paper: Kronfeld et al Eur. Phys. J. A 55 (2019)⌫A
<latexit sha1_base64="OAaBBsp/AE7daiKJTOB6dRHnYn8=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRS0WXVjcsK9gFNKJPppB06mYSZiVBD8VfcuFDErf/hzr9xmmahrQcuHM65d+7cEyScKe0439bS8srq2nppo7y5tb2za+/tt1ScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjG6mfvuBSsVica/HCfUjPBAsZARrI/Xsw8zLH8kCntIJ8kSKriY9u+JUnRxokbgFqUCBRs/+8voxSSMqNOFYqa7rJNrPsNSMcDope6miCSYjPKBdQwWOqPKzfPEEnRilj8JYmhIa5erviQxHSo2jwHRGWA/VvDcV//O6qQ4v/YyJJNVUkNmiMOVIx2gaBeozSYnmY0Mwkcz8FZEhlphoE1jZhODOn7xIWmdVt1Y9v6tV6tdFHCU4gmM4BRcuoA630IAmEHiEZ3iFN+vJerHerY9Z65JVzBzAH1ifP5SClU4=</latexit>
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Complementarity with experiment
Easy for LQCD Hard for LQCD

Flavor dependence 
(neutrons ~ protons)

Pions

Spin dependence 
(axial ~ vector)

Matrix elements of local 
operators with 

spacelike momenta

Real-time scattering amplitudes 
above multi-particle 

production thresholds

Large baryon number

LQCD can’t predict high-energy 
nuclear x-secs on it’s own

LQCD can provide inputs to nuclear 
models that complement experiment 
and validate models of transition 
between EFT and PQCD
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The hadron tensor
       cross-section factorizes into 

product of lepton and hadron 
tensors 

Lepton tensor calculable with electroweak perturbation theory, hadron tensor 
includes nonperturbative QCD effects. For generic hadron    

Nucleon hadron tensor includes sum over all intermediate states, could inform 
nuclear models of resonance, transition, and DIS regions

reconstruction

Liu, PRD 62 (2000)

d2�

dE0d⌦
/ Lµ⌫W

µ⌫

<latexit sha1_base64="3dUDOyn5No8Qy+/XhmSEB74la+s="></latexit>

LQCD calculations of nucleon hadron tensor under study, challenging due to 
inverse Laplace transform needed to relate Euclidean and Minkowski

W (h)
µ⌫ (q, p) =

Z
d4x

4⇡
eiq·x hh(p)|Jµ(x)J⌫(0)|h(p)i

<latexit sha1_base64="NYTgshyMwyayAChNlar17YVkwSI="></latexit>

=

Z
d4x

4⇡
eiq·x

X

f

hh(p)|Jµ(x)|fi hf |J⌫(0)|h(p)i
<latexit sha1_base64="ryDhIzJE18XHarTaQ2Wvvozv0CE="></latexit>

h
<latexit sha1_base64="o0Em+1LrPCqDYpYwPOqewD9gKuI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0JGM9A==</latexit>

⌫A
<latexit sha1_base64="gQ41dpatYhEDdrc9ZeTnLe5eEm0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeqF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzIjN71yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqLrYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukWat6F9Xaw2WlfpvHUYQTOIVz8OAK6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDP7SOUA==</latexit>
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Nuclei and nucleons
Hadron tensor can also be decomposed into sum over exclusive channels

Nucleon elastic form factors are key inputs to nuclear EFTs / models

At low energies where nucleons are effective degrees of freedom, nuclei look 
like sums of nucleons plus corrections from multi-nucleon currents

Vector form factors known from electron scattering, axial are less constrained

hf(p+ q)|J⌫(q)|h(p)i
<latexit sha1_base64="qtUaMpMqnCa+6OW3fyTfiARVPec=">AAACEXicbZDLSgMxFIYz9VbrrerSTbAIU4QyIxVdiBTdiKsK9gKdUjJppg3NZMbkjFBqX8GNr+LGhSJu3bnzbUwvC239IfDxn3M4Ob8fC67Bcb6t1MLi0vJKejWztr6xuZXd3qnqKFGUVWgkIlX3iWaCS1YBDoLVY8VI6AtW83uXo3rtninNI3kL/Zg1Q9KRPOCUgLFaWRt7ggVwhgM7PrzL4wd83fJkYo+xa8d57Cne6cJ5K5tzCs5YeB7cKeTQVOVW9strRzQJmQQqiNYN14mhOSAKOBVsmPESzWJCe6TDGgYlCZluDsYXDfGBcdo4iJR5EvDY/T0xIKHW/dA3nSGBrp6tjcz/ao0EgtPmgMs4ASbpZFGQCAwRHsWD21wxCqJvgFDFzV8x7RJFKJgQMyYEd/bkeageFdxi4fimmCtdTONIoz20j2zkohNUQleojCqIokf0jF7Rm/VkvVjv1sekNWVNZ3bRH1mfPxBzmqw=</latexit>

W (h)
µ⌫ (q, p)

<latexit sha1_base64="iI9DSw/z0rMBf583FKtrldWhFfI=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARWpCSSEWXRTcuK9gHNDFMppN26GQSZyZCiVn4K25cKOLW33Dn3zhts9DWAxcO59zLvff4MaNSWda3UVhaXlldK66XNja3tnfM3b22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPzR1cTvPBAhacRv1TgmbogGnAYUI6Ulzzzo3KWVYTXzUidMHJ5klfuTuAo9s2zVrCngIrFzUgY5mp755fQjnISEK8yQlD3bipWbIqEoZiQrOYkkMcIjNCA9TTkKiXTT6f0ZPNZKHwaR0MUVnKq/J1IUSjkOfd0ZIjWU895E/M/rJSq4cFPK40QRjmeLgoRBFcFJGLBPBcGKjTVBWFB9K8RDJBBWOrKSDsGef3mRtE9rdr12dlMvNy7zOIrgEByBCrDBOWiAa9AELYDBI3gGr+DNeDJejHfjY9ZaMPKZffAHxucPvLeVRw==</latexit>

hN(p+ q)|Aµ(q)|N(p)i = u(p+ q)

"
GA(Q

2)�µ�5 +
eGP (Q2)

2MN
qµ�5

#
u(p)

<latexit sha1_base64="X8G4kswNZi5EcnOh66RT41hXGgY="></latexit>

⇡<latexit sha1_base64="SRWvNz75D1yL3QwbjEKbvp2ANO8=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDWrVy/tapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5X6j74=</latexit> +
<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

Z
<latexit sha1_base64="UAeo+R0BkzuoZI5SL5eWLwPwkhI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALtZjOY=</latexit>

(A� Z)
<latexit sha1_base64="4DvjVms4BmK3hDxBrkPhzBpLaks=">AAAB7HicbVBNT8JAEJ3iF+JX1aOXjcQED5LWYPSIevGIiQUiNGS7bGHDdtvsbk1Iw2/w4kFjvPqDvPlvXKAHBV8yyct7M5mZFyScKe0431ZhZXVtfaO4Wdra3tnds/cPmipOJaEeiXks2wFWlDNBPc00p+1EUhwFnLaC0e3Ubz1RqVgsHvQ4oX6EB4KFjGBtJK9yffZ42rPLTtWZAS0TNydlyNHo2V/dfkzSiApNOFaq4zqJ9jMsNSOcTkrdVNEEkxEe0I6hAkdU+dns2Ak6MUofhbE0JTSaqb8nMhwpNY4C0xlhPVSL3lT8z+ukOrzyMyaSVFNB5ovClCMdo+nnqM8kJZqPDcFEMnMrIkMsMdEmn5IJwV18eZk0z6turXpxXyvXb/I4inAEx1ABFy6hDnfQAA8IMHiGV3izhPVivVsf89aClc8cwh9Ynz9ypo3N</latexit>
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Nucleon form factors
Vector and axial form factors recently calculated using nearly physical quark masses:

Recent vector / axial form 
factor studies show the 
importance of         
excited-state effects in 
nucleon form factor 
calculations with light 
quark masses

Jang et al [PNDME], 
PRD 101, 014507 (2020)

N⇡
<latexit sha1_base64="DPmrUbAPs97WQqFYk0eSCeNmKgY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF09SwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPtBzIbVmlt3c6BV4hWkBgVaw+rXYBSRRFBpCMda9z03Nn6KlWGE03llkGgaYzLFY9q3VGJBtZ/mt87RmVVGKIyULWlQrv6eSLHQeiYC2ymwmehlLxP/8/qJCa/9lMk4MVSSxaIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7EheMsvr5JOo+5d1BsPl7XmTRFHGU7gFM7Bgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A7RWOKQ==</latexit>

Remaining LQCD systematic uncertainties arise from lattice spacing 
effects, finite-volume effects, excited-state effects 

7Park et al [NME], arXiv:2103.05599



Resonance production
     production essential for reproducing 

cross-section at energies above 
quasi-elastic region

Exploratory LQCD calculations of                      performed at heavy quark 
masses where        stable

N, ⇡, �
<latexit sha1_base64="tIpn9MuLgAahSxmEGI5NA8YiSMk=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAgupCRS0WVRF66kgn1AE8pketMOnUzCzKRQQv/EjQtF3Pon7vwbJ20W2nrgXg7n3MvcOUHCmdKO822trK6tb2yWtsrbO7t7+/bBYUvFqaTQpDGPZScgCjgT0NRMc+gkEkgUcGgHo9vcb49BKhaLJz1JwI/IQLCQUaKN1LPth3MPewnL+x1wTXp2xak6M+Bl4hakggo0evaX149pGoHQlBOluq6TaD8jUjPKYVr2UgUJoSMygK6hgkSg/Gx2+RSfGqWPw1iaEhrP1N8bGYmUmkSBmYyIHqpFLxf/87qpDq/9jIkk1SDo/KEw5VjHOI8B95kEqvnEEEIlM7diOiSSUG3CKpsQ3MUvL5PWRdWtVS8fa5X6TRFHCR2jE3SGXHSF6ugeNVATUTRGz+gVvVmZ9WK9Wx/z0RWr2DlCf2B9/gCyk5Js</latexit>

�
<latexit sha1_base64="daJ3KyfdKBV6jG2FlLJfAYt+/tM=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+8enF/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2MkjwQ=</latexit>

�
<latexit sha1_base64="daJ3KyfdKBV6jG2FlLJfAYt+/tM=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+8enF/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2MkjwQ=</latexit>

⇡
<latexit sha1_base64="MMfoOZUbGzRkaB76umvTEWj+CN8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBRC43R</latexit>

       resonance contributions important 
and poorly known ingredient to 
nuclear models of resonance region

Rocco, Nakamura, Lee, Lovato, PRC 100 (2019)

Fully controlled LQCD calculations at physical point require sophisticated 
finite-volume formalism and numerical techniques for        scattering statesN⇡

<latexit sha1_base64="1JwiM2ZEkML2b8PGLQqLvYcrZ3Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF09SwbSFNpTNdtIu3WzC7kYopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewtr6xuVXcLu3s7u0flA+PmjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU2ApHtzO/9YRK80Q+mnGKQUwHkkecUWMl/550U94rV9yqOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuyUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6DiZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/JhuAtv7xKmrWqd1GtPVxW6jd5HEU4gVM4Bw+uoA530AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/QzyOUw==</latexit>

Alexandrou et al, PRD 77 (2008)

Leinweber, Draper, Woloshyn PRD 48 (1993)
…
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          scattering 

9

Nπ
Recent calculations in I = 3/2 channel 

including      and          interpolating 
operators use variational methods to 
extract ground- and excited-states in many 
angular momentum channels (cubic irreps)

N⇡
<latexit sha1_base64="0iqm9dLvJxRRbgUSUCldH6SfGcI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF09SwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPtBzIbVmlt3c6BV4hWkBgVaw+rXYBSRRFBpCMda9z03Nn6KlWGE03llkGgaYzLFY9q3VGJBtZ/mt87RmVVGKIyULWlQrv6eSLHQeiYC2ymwmehlLxP/8/qJCa/9lMk4MVSSxaIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7EheMsvr5LORd1r1C8fGrXmTRFHGU7gFM7Bgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A7l+OLQ==</latexit>

�
<latexit sha1_base64="daJ3KyfdKBV6jG2FlLJfAYt+/tM=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+8enF/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2MkjwQ=</latexit>

Silvi, Paul, Alexandrou, Krieg, Leskovec, Meinel, Negele, Petschlies, 
Pochinsky, Rendon, Syritsyn, Todaro, arXiv:2101.00689

Finite-volume quantization conditions relate 
energy levels to p-wave          scattering 
phase shifts

N⇡
<latexit sha1_base64="0iqm9dLvJxRRbgUSUCldH6SfGcI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF09SwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPtBzIbVmlt3c6BV4hWkBgVaw+rXYBSRRFBpCMda9z03Nn6KlWGE03llkGgaYzLFY9q3VGJBtZ/mt87RmVVGKIyULWlQrv6eSLHQeiYC2ymwmehlLxP/8/qJCa/9lMk4MVSSxaIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7EheMsvr5LORd1r1C8fGrXmTRFHGU7gFM7Bgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A7l+OLQ==</latexit>
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LQCD and PDFs

⌘
<latexit sha1_base64="5OH5Yik+VWjMdJ4a0VOPKM2jT54=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1m/erisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5Awt6jkA=</latexit>

Euclidean matrix elements containing hard scales can be factorized into 
perturbative coefficients and structure functions

For colinear PDFs and some aspects of TMDPDFs, Euclidean and light-
cone structure functions are related by Lorentz invariance

Diagrams:  
Ebert, Stewart, Zhao, JHEP 1909 (2019)

Large momentum effective theory review: Ji et al, arXiv:2004.03543

High-energy axial current interactions depend on polarized PDFs, SIDIS 
process like high-energy CC1    depend in principle on TMDPDFs, …⇡

<latexit sha1_base64="pXaUd9tpIhVqDq6r7ZmIijF7ylY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSVY3V</latexit>

At very high energies, cross-sections factorize into convolutions of 
perturbative quark-and-gluon-level amplitudes and nonperturbative PDFs
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Nucleon PDFs
LQCD calculations of unpolarized nucleon PDFs are maturing but still 

face challenges (e.g. non-local operator renormalization)

LQCD is starting to constrain on less well-known aspects of PDFs such as 
flavor dependence, spin-dependence, transversity, and nuclear effects

Bringewatt et al [JAM], arXiv:2010.00548

Current LQCD results can improve 
global analyses of isovector 
polarized PDFs

LQCD will constrain TMDPDF 
evolution by determining 
Collins-Soper kernel
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Many-quark bound states

EIC
0  x  A

<latexit sha1_base64="RosFBavvHE0q5NTF+euXqNlfKXc=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBU9hVQY9RLx4jmAckS5id9CZDZh/OzIpxyZd48aCIVz/Fm3/jJNmDJhY0XVR1Mz3lJ4Ir7Tjf1tLyyuraemGjuLm1vVOyd/caKk4lwzqLRSxbPlUoeIR1zbXAViKRhr7Apj+8nvjNB5SKx9GdHiXohbQf8YAzqo3UtUsO6Qi8J4+zdtm1y07FmYIsEjcnZchR69pfnV7M0hAjzQRVqu06ifYyKjVnAsfFTqowoWxI+9g2NKIhKi+bHj4mR0bpkSCWpiJNpurvjYyGSo1C30yGVA/UvDcR//PaqQ4uvIxHSaoxYrOHglQQHZNJCqTHJTItRoZQJrm5lbABlZRpk1XRhODOf3mRNE4q7mnFuT0rV6/yOApwAIdwDC6cQxVuoAZ1YJDCM7zCm/VkvVjv1sdsdMnKd/bhD6zPH9hVkeg=</latexit>

The partonic structure of nuclei is 
noticeably different from the nucleon

Analogous 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 EMC effect and it’s analogs can be 
described by two-body currents in EFT

Aubert et al (EMC), Phys. Lett. 123B (1983)

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

Emergence from QCD is not yet understood
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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

⌦
h, ~p,�|T i

µ⌫ |h, ~p,�
↵

<latexit sha1_base64="4o6SSiitI4qL4QsZdoZqxOwFlTQ="></latexit>

First calculation of isovector quark momentum fractions of light nuclei

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, MW et al [NPLQCD] PRL.xx

Quarks in   He3

13
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

⌫e

⌫e

⌫eℳpp→np(3S1) = gA(1 + S) − L1A

iCpp→np(3S1) = +
Short-distance 

QCD physics

Constraints on two-body axial currents obtained by 
matching LQCD and EFT calculations in a box with 
a background axial field

First exploratory LQCD determination of         Savage, MW et al [NPLQCD], PRL 119 (2017)L1A
<latexit sha1_base64="7JTOXww6OxQg6mPprkmtEsz3QuA=">AAAB7XicbVA9SwNBEJ2LXzF+nVraLAbBKtxJRMuojYVFBPMByRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKllqghtEMmlaodYU84EbRhmOG0niuI45LQVjm6mfuuJKs2keDDjhAYxHggWMYKNlZp3vcy/mvTcslfxZkDLxM9JGXLUe+5Xty9JGlNhCMdad3wvMUGGlWGE00mpm2qaYDLCA9qxVOCY6iCbXTtBJ1bpo0gqW8Kgmfp7IsOx1uM4tJ0xNkO96E3F/7xOaqLLIGMiSQ0VZL4oSjkyEk1fR32mKDF8bAkmitlbERlihYmxAZVsCP7iy8ukeVbxq5Xz+2q5dp3HUYQjOIZT8OECanALdWgAgUd4hld4c6Tz4rw7H/PWgpPPHMIfOJ8/GJWO0w==</latexit>

Two-body currents

gAu+d( 2H )
2 gAu+d( p )

gAu+d( 3He )
gAu+d( p )

gAu-d( 3He )
gAu-d( p )

0.97

0.98

0.99

1.00

1.01

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

Nf = 3, m⇡ = 806(9) MeV, a = 0.145(2) fm

LQCD calculations of A = 2-3 
matrix elements sensitive to 
two-body currents performed at 
unphysically heavy quark 
masses



Triton      - decayβ
Triton     - decay Gamow-Teller matrix 

elements calculated with two quark 
mass values, permits first 
extrapolation to physical masses

�
<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, MW et al [NPLQCD] PRD 103 (2021)

Detmold and Shanahan, PRD 103 (2021)
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• Heavier than physical quark masses only 

• One lattice spacing 

• Excited-state effects

Systematic uncertainties
Several systematic uncertainties of nuclear matrix element calculations 

still need to be quantified in detail

Gap between ground and finite-volume “scattering” states becomes small 
for large volumes, ground-state dominance relies on overlap factors

Z0e
�E0t

✓
1 +

Z1

Z0
e��t + . . .

◆

<latexit sha1_base64="NhbzkLzwC5Iqt9UwDWYqWXCciIw="></latexit>

� ⇠ 4⇡2

ML2
<latexit sha1_base64="CsInhY8oRrjx6OUWln6FBHL7SKY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSlIquiy6caFQwT6giWUynbRDZ5IwcyOU0K0bf8WNC0Xc+gfu/BunbRbaeuBeDufcy8w9QSK4Bsf5tpaWV1bX1gsbxc2t7Z1de2+/qeNUUdagsYhVOyCaCR6xBnAQrJ0oRmQgWCsYXk781gNTmsfRHYwS5kvSj3jIKQEjdW3s9ZgAgj3NJfZCRWhWxV7C7yvj7Oba9K5dcsrOFHiRuDkpoRz1rv3l9WKaShYBFUTrjusk4GdEAaeCjYteqllC6JD0WcfQiEim/Wx6yRgfG6WHw1iZigBP1d8bGZFaj2RgJiWBgZ73JuJ/XieF8NzPeJSkwCI6eyhMBYYYT2LBPa4YBTEyhFDFzV8xHRATB5jwiiYEd/7kRdKslN1q+fS2Wqpd5HEU0CE6QifIRWeohq5QHTUQRY/oGb2iN+vJerHerY/Z6JKV7xygP7A+fwA6Wplo</latexit>

Opposite-sign cancellations between the ground and excited-state could in 
principle conspire to form a “false plateau”

First two-nucleon LQCD calculations using positive-definite correlation 
functions (enabled by distillation / stochastic LapH) show significant 
interpolating operator and lattice spacing dependence

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)
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Interpolating operators
Composite quark & gluon operators produce all QCD energy eigenstates 

with appropriate quantum numbers

C(B,I,�J )
��0 (t) =

D
�(B,I,�J )(x)�(B,I,�J )(0)

E
=

X

n

Z(B,I,�J )
n�

⇣
Z(B,I,�J )
n�0

⌘
e�tE

(B,I,�J )
n�

<latexit sha1_base64="ioKhUQLWhbhFGWpP6VXywb9KytA="></latexit>

Full spectrum in principle encoded in    dependence of any correlation functiont
<latexit sha1_base64="UxXCAGDTaUNCc8ZkLJcN6TsViGQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9WvWyWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4sGNAA==</latexit>

With finite numerical data, inverting to obtain energies is ill-posed in general

To isolate ground state, would ideally use

t � 1

E(B,I,�J )
1 � E(B,I,�J )

0
<latexit sha1_base64="jKT3feEGhQRBkusMpC2ImSV3Ra0=">AAACKXicbVDLSgMxFM3UV62vqks3wSJUqGVGKrosFfGxqmAf0KlDJs1MQ5OZIckIZZjfceOvuFFQ1K0/YvpYaOuByz2ccy/JPW7EqFSm+WlkFhaXlleyq7m19Y3Nrfz2TlOGscCkgUMWiraLJGE0IA1FFSPtSBDEXUZa7uB85LceiJA0DO7UMCJdjvyAehQjpSUnX1XQ9n1oewLhxEoTeOHodp8Ua6Xrkn2JOEfOzWEKj0aGOW+kTr5gls0x4DyxpqQApqg7+Ve7F+KYk0BhhqTsWGakugkSimJG0pwdSxIhPEA+6WgaIE5kNxlfmsIDrfSgFwpdgYJj9fdGgriUQ+7qSY5UX856I/E/rxMr76yb0CCKFQnw5CEvZlCFcBQb7FFBsGJDTRAWVP8V4j7SoSkdbk6HYM2ePE+ax2WrUj65rRSqtWkcWbAH9kERWOAUVMEVqIMGwOARPIM38G48GS/Gh/E1Gc0Y051d8AfG9w9Hb6Q0</latexit>

• Signal-to-noise problem prevents 
this from being achievable

Alternative - construct operators with

Z(B,I,�J )
0� � Z(B,I,�J )

n�
<latexit sha1_base64="43OyYAM75S0yzNB19Q5cQKMa5vE=">AAACK3icbVDLSgMxFM3Ud32NunQTLEIFKTOi6FLqwsdKwdZiZxwyaaYNTTJDkhHKMP/jxl9xoQsfuPU/TMcutPZA4HDOueTeEyaMKu0471Zpanpmdm5+oby4tLyyaq+tN1WcSkwaOGaxbIVIEUYFaWiqGWklkiAeMnIT9k+G/s09kYrG4loPEuJz1BU0ohhpIwV2/TbIHA/3aH6XVeu757veKeIcBRc7OfS6XWhsjyPdU1Em8sm5wK44NacA/E/cEamAES4D+9nrxDjlRGjMkFJt10m0nyGpKWYkL3upIgnCfdQlbUMF4kT5WXFrDreN0oFRLM0TGhbq74kMcaUGPDTJYu9xbyhO8tqpjo78jIok1UTgn4+ilEEdw2FxsEMlwZoNDEFYUrMrxD0kEdam3rIpwR0/+T9p7tXc/drB1X7luD6qYx5sgi1QBS44BMfgDFyCBsDgATyBV/BmPVov1of1+RMtWaOZDfAH1tc3V6mmjA==</latexit> Parreño, MW et al [NPLQCD] PRD 103 (2021) 17



Variational LQCD methods
Interpolating operator sets including both local “hexaquark” and plane-wave 

“dibaryon” operators generalize the sets used in previous calculations

Analogous variational methods have been successfully applied in meson 
channel, technically challenging for two-nucleon systems

New variational calculations enabled by algorithmic and computational 
advances are being explored by multiple groups 18



            excited states
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Large interpolating operator sets, e.g. 16 x 16 for I=1 spin-singlet channel 

NN

• local “hexaquark”,  

• two-nucleon plane-wave “dibaryon” 

• two-nucleon “quasi-local” resembling EFT bound state wavefunction
diagonalized to map out ground- and excited-state energy levels

19



Towards        excited statesNπ

Variational calculations of I=1/2 nucleon 
channel including explicit         
interpolating operators and multiple 
lattice spacings / volumes will allow 
robust QCD predictions of nucleon 
form factors and resonance 
production amplitudes

Significant recent progress in relating calculable finite-volume matrix 
elements to physical amplitudes for resonance production

See e.g. Baroni, Briceño, Hansen, Ortega-Gama, PRD 100 (2018)

Direct matching to nuclear EFT / models also possible

First calculations applying variational methods to I=3/2        
scattering have been performed

Work in progress with William Jay, Gurtej Kanwar, William Detmold, Phiala Shanahan 

N⇡
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Conclusions

Challenging but possible through lattice QCD + nuclear many body methods

Nucleon form factors 
Hadron tensor 
Resonance production 
Two-body currents  
PDF constraints

Describing       scattering from the Standard Model requires control of QCD 
over a wide range of scales and physics processes
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Event generators 
Nuclear EFTs 
Spectral functions 
Nuclear PDFs 


