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Theoretical prediction of  ν-A cross sections 
from the Standard Model 
with full uncertainty quantification 
 
 
 
 
 
 
 
 

The analogy is not perfect (→) but, if  we aim to find new 
physics, it is wise to have a prediction of  the “background” 
using the known physics 
[“evidence” of  supersymmetry was in fact QCD jet physics]
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What is our main goal?



Theoretical prediction of  ν-A cross sections 
from the Standard Model 
with full uncertainty quantification 

Very challenging to achieve this goal: 
Most likely, it is impossible to have a unified theoretical 
description of  ν-A cross sections over the range of  ν-energy 
of  interest 

Lattice QCD: single nucleon, resonance region, …  
Effective Field Theory (EFT): Low-energy, small-A 
high energy: DIS and Regge (model) 

The problem demands a description of  medium-A 
over broad range of  energy 
pion production, resonance region 
final state interactions 
…
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Lattice QCD (LQCD) can determine single nucleon 
quasi-elastic 
resonance region, pion production 
DIS 
two-nucleon cross section (corrections) 
maybe, maybe, light nuclear cross sections 

No EFT that can describe ν-A reaction over entire range of  Eν 
Use EFT, with LQCD input, to describe region of  parameter space against which nuclear models 
can be constrained 

in this region at least, rigorous, systematically improvable uncertainty rooted in the SM 
This will allow for calibration of  nuclear model uncertainty
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What is possible? A “realist” perspective

Even, even if  we could compute ν-12C, it 
almost certainly will not be the most 
economical way to propagate QCD results to 
nuclear cross sections



Single-nucleon “charges” known at the percent to few-
percent level 

gA, QED corrections necessary to relate experimental 
measurement to LQCD results at percent-level 
Cirigliano, de Vries, Hayen, Mereghetti, AWL, 2202.10439 

Control over specific flavor decomposition 
see e.g. Alexandrou et al, ETMC, PRD 104 (2021) 2106.13468 

Nucleon (quasi-)elastic form factors up to Q2~1-2 GeV2 
PNDME, NME, RQCD, ETMC, Mainz, LHPC, PACS, CalLat 

Investigations of  higher momentum - still “kinda” R&D 
RQCD, LHPC, … 

Very preliminary NN matrix elements 
big caveat - based on assumptions that seem wrong 
no connection to physical pion mass or continuum limit 5

Where are we now? (with LQCD)

- NN controversy



Introduction to lattice QCD 

LQCD systematics for nucleon matrix elements 

Single nucleon quasi-elastic results from LQCD 

Phenomenological Impact 

Future advancements
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Outline
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LQCD allows us to compute Euclidean space, 
finite volume,  correlation functions 
 
Non-trivial numerical analysis (and sometimes 
formalism) to extract spectrum, matrix 
elements, form factors, …

NOTE:
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What does it mean to have a LQCD result?
continuum limit 
need 3 or more  
lattice spacings

infinite volume limit

physical pion masses 
exponentially bad  

signal-to-noise problem

tcomp / V 5/4
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LQCD challenges for NP
Most difficult challenge: an exponentially bad signal-to-noise problem 

Each quark propagator carries 
information about pions and nucleons 

(conversations with David Kaplan)
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<latexit sha1_base64="jtOBwlEP6dP3AwOI0FYNOwSwERM=">AAAB/3icbVBNS8NAFHzxs9avqkcvwSJUkJKIoN6KXjxWMLbQxLLZbNqlm82yuymU0ou/wquePIlXf4oH/4vbNAdtHVgYZubx9k0oGFXacb6speWV1bX10kZ5c2t7Z7eyt/+g0kxi4uGUpbIdIkUY5cTTVDPSFpKgJGSkFQ5upn5rSKSiKb/XI0GCBPU4jSlG2kiPPjPRCHV9QWv6pFupOnUnh71I3IJUoUCzW/n2oxRnCeEaM6RUx3WEDsZIaooZmZT9TBGB8AD1SMdQjhKiTqMhFSqnwTg/YGIfGzOy41Sax7Wdq7+HxyhRapSEJpkg3Vfz3lT8z+tkOr4MxpSLTBOOZ4vijNk6tadt2BGVBGs2MgRhSc23bdxHEmFtOiubPtz56xeJd1a/qrt359XGdVFMCQ7hCGrgwgU04Baa4AEGCc/wAq/Wk/VmvVsfs+iSVcwcwB9Ynz9RCpaY</latexit><latexit sha1_base64="jtOBwlEP6dP3AwOI0FYNOwSwERM=">AAAB/3icbVBNS8NAFHzxs9avqkcvwSJUkJKIoN6KXjxWMLbQxLLZbNqlm82yuymU0ou/wquePIlXf4oH/4vbNAdtHVgYZubx9k0oGFXacb6speWV1bX10kZ5c2t7Z7eyt/+g0kxi4uGUpbIdIkUY5cTTVDPSFpKgJGSkFQ5upn5rSKSiKb/XI0GCBPU4jSlG2kiPPjPRCHV9QWv6pFupOnUnh71I3IJUoUCzW/n2oxRnCeEaM6RUx3WEDsZIaooZmZT9TBGB8AD1SMdQjhKiTqMhFSqnwTg/YGIfGzOy41Sax7Wdq7+HxyhRapSEJpkg3Vfz3lT8z+tkOr4MxpSLTBOOZ4vijNk6tadt2BGVBGs2MgRhSc23bdxHEmFtOiubPtz56xeJd1a/qrt359XGdVFMCQ7hCGrgwgU04Baa4AEGCc/wAq/Wk/VmvVsfs+iSVcwcwB9Ynz9RCpaY</latexit><latexit sha1_base64="jtOBwlEP6dP3AwOI0FYNOwSwERM=">AAAB/3icbVBNS8NAFHzxs9avqkcvwSJUkJKIoN6KXjxWMLbQxLLZbNqlm82yuymU0ou/wquePIlXf4oH/4vbNAdtHVgYZubx9k0oGFXacb6speWV1bX10kZ5c2t7Z7eyt/+g0kxi4uGUpbIdIkUY5cTTVDPSFpKgJGSkFQ5upn5rSKSiKb/XI0GCBPU4jSlG2kiPPjPRCHV9QWv6pFupOnUnh71I3IJUoUCzW/n2oxRnCeEaM6RUx3WEDsZIaooZmZT9TBGB8AD1SMdQjhKiTqMhFSqnwTg/YGIfGzOy41Sax7Wdq7+HxyhRapSEJpkg3Vfz3lT8z+tkOr4MxpSLTBOOZ4vijNk6tadt2BGVBGs2MgRhSc23bdxHEmFtOiubPtz56xeJd1a/qrt359XGdVFMCQ7hCGrgwgU04Baa4AEGCc/wAq/Wk/VmvVsfs+iSVcwcwB9Ynz9RCpaY</latexit><latexit sha1_base64="jtOBwlEP6dP3AwOI0FYNOwSwERM=">AAAB/3icbVBNS8NAFHzxs9avqkcvwSJUkJKIoN6KXjxWMLbQxLLZbNqlm82yuymU0ou/wquePIlXf4oH/4vbNAdtHVgYZubx9k0oGFXacb6speWV1bX10kZ5c2t7Z7eyt/+g0kxi4uGUpbIdIkUY5cTTVDPSFpKgJGSkFQ5upn5rSKSiKb/XI0GCBPU4jSlG2kiPPjPRCHV9QWv6pFupOnUnh71I3IJUoUCzW/n2oxRnCeEaM6RUx3WEDsZIaooZmZT9TBGB8AD1SMdQjhKiTqMhFSqnwTg/YGIfGzOy41Sax7Wdq7+HxyhRapSEJpkg3Vfz3lT8z+tkOr4MxpSLTBOOZ4vijNk6tadt2BGVBGs2MgRhSc23bdxHEmFtOiubPtz56xeJd1a/qrt359XGdVFMCQ7hCGrgwgU04Baa4AEGCc/wAq/Wk/VmvVsfs+iSVcwcwB9Ynz9RCpaY</latexit>

�
<latexit sha1_base64="TUwgnFTq91JAaHs/kRDAu1marpQ=">AAAB9HicbZDNSsNAFIVv/K31r+rSzWARXEhJRFB3RTcuKxpbaEOZTCbp0MkkzEwqJfQR3OrKlbj1fVz4Lk7TLLT1wsDHOfdy7xw/5Uxp2/6ylpZXVtfWKxvVza3tnd3a3v6jSjJJqEsSnsiOjxXlTFBXM81pJ5UUxz6nbX94M/XbIyoVS8SDHqfUi3EkWMgI1ka670VRv1a3G3ZRaBGcEupQVqtf++4FCcliKjThWKmuY6fay7HUjHA6qfYyRVNMhjiiXYMCx1SdBiOWqgK9vLh6go6NGaAwkeYJjQr193COY6XGsW86Y6wHat6biv953UyHl17ORJppKshsUZhxpBM0jQAFTFKi+dgAJpKZsxEZYImJNkFVTR7O/O8XwT1rXDWcu/N687oMpgKHcAQn4MAFNOEWWuACgQie4QVerSfrzXq3PmatS1Y5cwB/yvr8AX7Okj4=</latexit><latexit sha1_base64="TUwgnFTq91JAaHs/kRDAu1marpQ=">AAAB9HicbZDNSsNAFIVv/K31r+rSzWARXEhJRFB3RTcuKxpbaEOZTCbp0MkkzEwqJfQR3OrKlbj1fVz4Lk7TLLT1wsDHOfdy7xw/5Uxp2/6ylpZXVtfWKxvVza3tnd3a3v6jSjJJqEsSnsiOjxXlTFBXM81pJ5UUxz6nbX94M/XbIyoVS8SDHqfUi3EkWMgI1ka670VRv1a3G3ZRaBGcEupQVqtf++4FCcliKjThWKmuY6fay7HUjHA6qfYyRVNMhjiiXYMCx1SdBiOWqgK9vLh6go6NGaAwkeYJjQr193COY6XGsW86Y6wHat6biv953UyHl17ORJppKshsUZhxpBM0jQAFTFKi+dgAJpKZsxEZYImJNkFVTR7O/O8XwT1rXDWcu/N687oMpgKHcAQn4MAFNOEWWuACgQie4QVerSfrzXq3PmatS1Y5cwB/yvr8AX7Okj4=</latexit><latexit sha1_base64="TUwgnFTq91JAaHs/kRDAu1marpQ=">AAAB9HicbZDNSsNAFIVv/K31r+rSzWARXEhJRFB3RTcuKxpbaEOZTCbp0MkkzEwqJfQR3OrKlbj1fVz4Lk7TLLT1wsDHOfdy7xw/5Uxp2/6ylpZXVtfWKxvVza3tnd3a3v6jSjJJqEsSnsiOjxXlTFBXM81pJ5UUxz6nbX94M/XbIyoVS8SDHqfUi3EkWMgI1ka670VRv1a3G3ZRaBGcEupQVqtf++4FCcliKjThWKmuY6fay7HUjHA6qfYyRVNMhjiiXYMCx1SdBiOWqgK9vLh6go6NGaAwkeYJjQr193COY6XGsW86Y6wHat6biv953UyHl17ORJppKshsUZhxpBM0jQAFTFKi+dgAJpKZsxEZYImJNkFVTR7O/O8XwT1rXDWcu/N687oMpgKHcAQn4MAFNOEWWuACgQie4QVerSfrzXq3PmatS1Y5cwB/yvr8AX7Okj4=</latexit><latexit sha1_base64="TUwgnFTq91JAaHs/kRDAu1marpQ=">AAAB9HicbZDNSsNAFIVv/K31r+rSzWARXEhJRFB3RTcuKxpbaEOZTCbp0MkkzEwqJfQR3OrKlbj1fVz4Lk7TLLT1wsDHOfdy7xw/5Uxp2/6ylpZXVtfWKxvVza3tnd3a3v6jSjJJqEsSnsiOjxXlTFBXM81pJ5UUxz6nbX94M/XbIyoVS8SDHqfUi3EkWMgI1ka670VRv1a3G3ZRaBGcEupQVqtf++4FCcliKjThWKmuY6fay7HUjHA6qfYyRVNMhjiiXYMCx1SdBiOWqgK9vLh6go6NGaAwkeYJjQr193COY6XGsW86Y6wHat6biv953UyHl17ORJppKshsUZhxpBM0jQAFTFKi+dgAJpKZsxEZYImJNkFVTR7O/O8XwT1rXDWcu/N687oMpgKHcAQn4MAFNOEWWuACgQie4QVerSfrzXq3PmatS1Y5cwB/yvr8AX7Okj4=</latexit>

�N (t)
<latexit sha1_base64="ffQNe+FaWim4sYml5+lZH1gPVrk=">AAAB/XicbVBNS8NAFNz4WetX1aOXxSJUkJKIoN6KXjxJBWMLTSibzaZdukmW3ZdCKQV/hVc9eRKv/hYP/he3aQ7aOrAwzMzjvZ1ACq7Btr+speWV1bX10kZ5c2t7Z7eyt/+o00xR5tJUpKodEM0ET5gLHARrS8VIHAjWCgY3U781ZErzNHmAkWR+THoJjzglYCTPEyYaku5dDU66lapdt3PgReIUpIoKNLuVby9MaRazBKggWnccW4I/Jgo4FWxS9jLNJKED0mMdQxMSM30aDrnUOfXH+fkTfGzMEEepMi8BnKu/h8ck1noUByYZE+jreW8q/ud1Mogu/TFPZAYsobNFUSYwpHjaBQ65YhTEyBBCFTdnY9onilAwjZVNH8787xeJe1a/qjv359XGdVFMCR2iI1RDDrpADXSLmshFFEn0jF7Qq/VkvVnv1scsumQVMwfoD6zPH5WrlZ0=</latexit><latexit sha1_base64="ffQNe+FaWim4sYml5+lZH1gPVrk=">AAAB/XicbVBNS8NAFNz4WetX1aOXxSJUkJKIoN6KXjxJBWMLTSibzaZdukmW3ZdCKQV/hVc9eRKv/hYP/he3aQ7aOrAwzMzjvZ1ACq7Btr+speWV1bX10kZ5c2t7Z7eyt/+o00xR5tJUpKodEM0ET5gLHARrS8VIHAjWCgY3U781ZErzNHmAkWR+THoJjzglYCTPEyYaku5dDU66lapdt3PgReIUpIoKNLuVby9MaRazBKggWnccW4I/Jgo4FWxS9jLNJKED0mMdQxMSM30aDrnUOfXH+fkTfGzMEEepMi8BnKu/h8ck1noUByYZE+jreW8q/ud1Mogu/TFPZAYsobNFUSYwpHjaBQ65YhTEyBBCFTdnY9onilAwjZVNH8787xeJe1a/qjv359XGdVFMCR2iI1RDDrpADXSLmshFFEn0jF7Qq/VkvVnv1scsumQVMwfoD6zPH5WrlZ0=</latexit><latexit sha1_base64="ffQNe+FaWim4sYml5+lZH1gPVrk=">AAAB/XicbVBNS8NAFNz4WetX1aOXxSJUkJKIoN6KXjxJBWMLTSibzaZdukmW3ZdCKQV/hVc9eRKv/hYP/he3aQ7aOrAwzMzjvZ1ACq7Btr+speWV1bX10kZ5c2t7Z7eyt/+o00xR5tJUpKodEM0ET5gLHARrS8VIHAjWCgY3U781ZErzNHmAkWR+THoJjzglYCTPEyYaku5dDU66lapdt3PgReIUpIoKNLuVby9MaRazBKggWnccW4I/Jgo4FWxS9jLNJKED0mMdQxMSM30aDrnUOfXH+fkTfGzMEEepMi8BnKu/h8ck1noUByYZE+jreW8q/ud1Mogu/TFPZAYsobNFUSYwpHjaBQ65YhTEyBBCFTdnY9onilAwjZVNH8787xeJe1a/qjv359XGdVFMCR2iI1RDDrpADXSLmshFFEn0jF7Qq/VkvVnv1scsumQVMwfoD6zPH5WrlZ0=</latexit><latexit sha1_base64="ffQNe+FaWim4sYml5+lZH1gPVrk=">AAAB/XicbVBNS8NAFNz4WetX1aOXxSJUkJKIoN6KXjxJBWMLTSibzaZdukmW3ZdCKQV/hVc9eRKv/hYP/he3aQ7aOrAwzMzjvZ1ACq7Btr+speWV1bX10kZ5c2t7Z7eyt/+o00xR5tJUpKodEM0ET5gLHARrS8VIHAjWCgY3U781ZErzNHmAkWR+THoJjzglYCTPEyYaku5dDU66lapdt3PgReIUpIoKNLuVby9MaRazBKggWnccW4I/Jgo4FWxS9jLNJKED0mMdQxMSM30aDrnUOfXH+fkTfGzMEEepMi8BnKu/h8ck1noUByYZE+jreW8q/ud1Mogu/TFPZAYsobNFUSYwpHjaBQ65YhTEyBBCFTdnY9onilAwjZVNH8787xeJe1a/qjv359XGdVFMCR2iI1RDDrpADXSLmshFFEn0jF7Qq/VkvVnv1scsumQVMwfoD6zPH5WrlZ0=</latexit>

d̄�5u : C(t) = A⇡e
�m⇡t + · · ·

<latexit sha1_base64="W/UcuvEXbPuk23xRhOt3t0Yy930="></latexit><latexit sha1_base64="W/UcuvEXbPuk23xRhOt3t0Yy930="></latexit><latexit sha1_base64="W/UcuvEXbPuk23xRhOt3t0Yy930="></latexit><latexit sha1_base64="W/UcuvEXbPuk23xRhOt3t0Yy930="></latexit>

(uTC�5d)u : C(t) = ANe�mN t + · · ·
<latexit sha1_base64="yRTzB/FdSsxQ1+WahDbq+wccD1s="></latexit><latexit sha1_base64="yRTzB/FdSsxQ1+WahDbq+wccD1s="></latexit><latexit sha1_base64="yRTzB/FdSsxQ1+WahDbq+wccD1s="></latexit><latexit sha1_base64="yRTzB/FdSsxQ1+WahDbq+wccD1s="></latexit>

Large pion eigenvalues must cancel to expose small nucleon eigenvalues
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<latexit sha1_base64="D8TQLtjxSyXg/ghU3hkYXbiWgyo=">AAACEHicbZDLSsNAFIYn9VbrLepSF4NFcCElEUGXRTeupKK9QBPKZDpph85MwsykUEI2PoJP4VZX7sStb+DCd3GaZqGtPwx8nP8czpw/iBlV2nG+rNLS8srqWnm9srG5tb1j7+61VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g5G11O/PSZS0Ug86ElMfI4GgoYUI21KPfvQCyXCqSc5vKcDgViW821EFcl6dtWpObngIrgFVEGhRs/+9voRTjgRGjOkVNd1Yu2nSGqKGckqXqJIjPAIDUjXoECcqNP+mMYqRz/ND8rgsTH7MIykeULDvPp7OEVcqQkPTCdHeqjmvWnxP6+b6PDST6mIE00Eni0KEwZ1BKfpwD6VBGs2MYCwpObbEA+RSUibDCsmD3f++kVondVcp+benVfrV0UyZXAAjsAJcMEFqIMb0ABNgMEjeAYv4NV6st6sd+tj1lqyipl98EfW5w8Mrp1l</latexit><latexit sha1_base64="D8TQLtjxSyXg/ghU3hkYXbiWgyo=">AAACEHicbZDLSsNAFIYn9VbrLepSF4NFcCElEUGXRTeupKK9QBPKZDpph85MwsykUEI2PoJP4VZX7sStb+DCd3GaZqGtPwx8nP8czpw/iBlV2nG+rNLS8srqWnm9srG5tb1j7+61VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g5G11O/PSZS0Ug86ElMfI4GgoYUI21KPfvQCyXCqSc5vKcDgViW821EFcl6dtWpObngIrgFVEGhRs/+9voRTjgRGjOkVNd1Yu2nSGqKGckqXqJIjPAIDUjXoECcqNP+mMYqRz/ND8rgsTH7MIykeULDvPp7OEVcqQkPTCdHeqjmvWnxP6+b6PDST6mIE00Eni0KEwZ1BKfpwD6VBGs2MYCwpObbEA+RSUibDCsmD3f++kVondVcp+benVfrV0UyZXAAjsAJcMEFqIMb0ABNgMEjeAYv4NV6st6sd+tj1lqyipl98EfW5w8Mrp1l</latexit><latexit sha1_base64="D8TQLtjxSyXg/ghU3hkYXbiWgyo=">AAACEHicbZDLSsNAFIYn9VbrLepSF4NFcCElEUGXRTeupKK9QBPKZDpph85MwsykUEI2PoJP4VZX7sStb+DCd3GaZqGtPwx8nP8czpw/iBlV2nG+rNLS8srqWnm9srG5tb1j7+61VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g5G11O/PSZS0Ug86ElMfI4GgoYUI21KPfvQCyXCqSc5vKcDgViW821EFcl6dtWpObngIrgFVEGhRs/+9voRTjgRGjOkVNd1Yu2nSGqKGckqXqJIjPAIDUjXoECcqNP+mMYqRz/ND8rgsTH7MIykeULDvPp7OEVcqQkPTCdHeqjmvWnxP6+b6PDST6mIE00Eni0KEwZ1BKfpwD6VBGs2MYCwpObbEA+RSUibDCsmD3f++kVondVcp+benVfrV0UyZXAAjsAJcMEFqIMb0ABNgMEjeAYv4NV6st6sd+tj1lqyipl98EfW5w8Mrp1l</latexit><latexit sha1_base64="D8TQLtjxSyXg/ghU3hkYXbiWgyo=">AAACEHicbZDLSsNAFIYn9VbrLepSF4NFcCElEUGXRTeupKK9QBPKZDpph85MwsykUEI2PoJP4VZX7sStb+DCd3GaZqGtPwx8nP8czpw/iBlV2nG+rNLS8srqWnm9srG5tb1j7+61VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g5G11O/PSZS0Ug86ElMfI4GgoYUI21KPfvQCyXCqSc5vKcDgViW821EFcl6dtWpObngIrgFVEGhRs/+9voRTjgRGjOkVNd1Yu2nSGqKGckqXqJIjPAIDUjXoECcqNP+mMYqRz/ND8rgsTH7MIykeULDvPp7OEVcqQkPTCdHeqjmvWnxP6+b6PDST6mIE00Eni0KEwZ1BKfpwD6VBGs2MYCwpObbEA+RSUibDCsmD3f++kVondVcp+benVfrV0UyZXAAjsAJcMEFqIMb0ABNgMEjeAYv4NV6st6sd+tj1lqyipl98EfW5w8Mrp1l</latexit>

Lepage, TASI 1989

�i(t) ⇠ e�Eit
<latexit sha1_base64="whasVvJJGRMTl7mAQp0dEPXcmA4=">AAACEHicbVDLSgMxFM3UV62vUZe6CBahgpYZEXRZFMFlBfuAtg6ZTFpDk5khuVMoQzd+gl/hVlfuxK1/4MJ/MZ12oa0HAodzzuXmHj8WXIPjfFm5hcWl5ZX8amFtfWNzy97eqesoUZTVaCQi1fSJZoKHrAYcBGvGihHpC9bw+1djvzFgSvMovINhzDqS9ELe5ZSAkTx7vy1MOCAeL8ERbmsuMbtPT649jmHk2UWn7GTA88SdkiKaourZ3+0goolkIVBBtG65TgydlCjgVLBRoZ1oFhPaJz3WMjQkkunjYMBjndFOmh00wofGDHA3UuaFgDP193BKpNZD6ZukJPCgZ72x+J/XSqB70Ul5GCfAQjpZ1E0EhgiP28EBV4yCGBpCqOLm25g+EEUomA4Lpg939vp5Uj8tu07ZvT0rVi6nzeTRHjpAJeSic1RBN6iKaoiiR/SMXtCr9WS9We/WxySas6Yzu+gPrM8fCNacIw==</latexit><latexit sha1_base64="whasVvJJGRMTl7mAQp0dEPXcmA4=">AAACEHicbVDLSgMxFM3UV62vUZe6CBahgpYZEXRZFMFlBfuAtg6ZTFpDk5khuVMoQzd+gl/hVlfuxK1/4MJ/MZ12oa0HAodzzuXmHj8WXIPjfFm5hcWl5ZX8amFtfWNzy97eqesoUZTVaCQi1fSJZoKHrAYcBGvGihHpC9bw+1djvzFgSvMovINhzDqS9ELe5ZSAkTx7vy1MOCAeL8ERbmsuMbtPT649jmHk2UWn7GTA88SdkiKaourZ3+0goolkIVBBtG65TgydlCjgVLBRoZ1oFhPaJz3WMjQkkunjYMBjndFOmh00wofGDHA3UuaFgDP193BKpNZD6ZukJPCgZ72x+J/XSqB70Ul5GCfAQjpZ1E0EhgiP28EBV4yCGBpCqOLm25g+EEUomA4Lpg939vp5Uj8tu07ZvT0rVi6nzeTRHjpAJeSic1RBN6iKaoiiR/SMXtCr9WS9We/WxySas6Yzu+gPrM8fCNacIw==</latexit><latexit sha1_base64="whasVvJJGRMTl7mAQp0dEPXcmA4=">AAACEHicbVDLSgMxFM3UV62vUZe6CBahgpYZEXRZFMFlBfuAtg6ZTFpDk5khuVMoQzd+gl/hVlfuxK1/4MJ/MZ12oa0HAodzzuXmHj8WXIPjfFm5hcWl5ZX8amFtfWNzy97eqesoUZTVaCQi1fSJZoKHrAYcBGvGihHpC9bw+1djvzFgSvMovINhzDqS9ELe5ZSAkTx7vy1MOCAeL8ERbmsuMbtPT649jmHk2UWn7GTA88SdkiKaourZ3+0goolkIVBBtG65TgydlCjgVLBRoZ1oFhPaJz3WMjQkkunjYMBjndFOmh00wofGDHA3UuaFgDP193BKpNZD6ZukJPCgZ72x+J/XSqB70Ul5GCfAQjpZ1E0EhgiP28EBV4yCGBpCqOLm25g+EEUomA4Lpg939vp5Uj8tu07ZvT0rVi6nzeTRHjpAJeSic1RBN6iKaoiiR/SMXtCr9WS9We/WxySas6Yzu+gPrM8fCNacIw==</latexit><latexit sha1_base64="whasVvJJGRMTl7mAQp0dEPXcmA4=">AAACEHicbVDLSgMxFM3UV62vUZe6CBahgpYZEXRZFMFlBfuAtg6ZTFpDk5khuVMoQzd+gl/hVlfuxK1/4MJ/MZ12oa0HAodzzuXmHj8WXIPjfFm5hcWl5ZX8amFtfWNzy97eqesoUZTVaCQi1fSJZoKHrAYcBGvGihHpC9bw+1djvzFgSvMovINhzDqS9ELe5ZSAkTx7vy1MOCAeL8ERbmsuMbtPT649jmHk2UWn7GTA88SdkiKaourZ3+0goolkIVBBtG65TgydlCjgVLBRoZ1oFhPaJz3WMjQkkunjYMBjndFOmh00wofGDHA3UuaFgDP193BKpNZD6ZukJPCgZ72x+J/XSqB70Ul5GCfAQjpZ1E0EhgiP28EBV4yCGBpCqOLm25g+EEUomA4Lpg939vp5Uj8tu07ZvT0rVi6nzeTRHjpAJeSic1RBN6iKaoiiR/SMXtCr9WS9We/WxySas6Yzu+gPrM8fCNacIw==</latexit>

9

<latexit sha1_base64="D1J+1lfGJMv+rtAUWvHinwQqzs8=">AAACD3icbZC7TsMwFIYdrqXcAoxdLCokBqgSVAFjBQsTKhK9SE2IHMdprTqJZTuVqqgDj8BTsMLEhlh5BAbeBTfNAC1HsvT5/8+RfX6fMyqVZX0ZS8srq2vrpY3y5tb2zq65t9+WSSowaeGEJaLrI0kYjUlLUcVIlwuCIp+Rjj+8nvqdERGSJvG9GnPiRqgf05BipLTkmRXykJ1G3i1UE+gwBmdXh1MteGbVqll5wUWwC6iCopqe+e0ECU4jEivMkJQ92+LKzZBQFDMyKTupJBzhIeqTnsYYRUSeBCPKZY5ulu8zgUfaDGCYCH1iBXP193CGIinHka87I6QGct6biv95vVSFl25GY54qEuPZQ2HKoErgNBwYUEGwYmMNCAuqvw3xAAmElY6wrPOw57dfhPZZzT6v1e/q1cZVkUwJVMAhOAY2uAANcAOaoAUweATP4AW8Gk/Gm/FufMxal4xi5gD8KePzB46am/E=</latexit>
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LQCD: 2 point functions
0tsep
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LQCD: 2 point functions 0tsep
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but… signal-to-noise - can not simply “wait till long time” to get ground state (g.s.)

LQCD: 2 point functions 0tsep
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NOTE: if  the creation operator is 
conjugate to the annihilation operator
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The most common method (sub-optimal) to compute nucleon matrix elements 
For a few values of  t, compute the 3-point function for all 𝜏 
 
 

Each choice of  t is a new, expensive computation 

Ideally, t ~ 2 t2pt-gs, but, S/N prevents that 

The g.s. matrix-element/form-factor must be determined through an extrapolation in 
t and 𝜏 after numerical analysis
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LQCD: 3 point functions
0tsep
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Consider zero-momentum (p=0) and zero momentum transfer (q=0) 
 
 
 
 
 
 

scattering excited states only depend on t 
transition excited states depend on t and 𝜏 

NOTE: for intermediate t, there is a cons- 
piracy of  excited states that give the appea- 
rance of  no excited state contamination
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LQCD: 3 point functions 0tsep
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Consider zero-momentum (p=0) and zero momentum transfer (q=0) 

NOTE: 2pt at t=6 (similar to 3pt with t=12, 𝜏=6) has significant excited state 
contamination
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LQCD: 3 point functions 0tsep
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zero-momentum sink (p=0), non-zero momentum transfer (q≠0) 
source has momentum -q by momentum conservation
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LQCD: 3 point functions 0tsep
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Figure 1: Plot of the ratio in Eq. (1) formed from the raw correlator data. The horizontal axis is the
source-insertion separation time minus half the source-sink separation time to center the data. The gray band
is the posterior value for 6̊�(&2) after a 3-exponential correlator fit, including all < ! = transitions with
0  <, = < 3. The data used in the fit are shown as filled-in circles and data outside the fit range are shown
as unfilled circles. Di�erent source-sink separations are plotted as di�erent colors, ranging from the shortest
source-sink separation C/0 = 3 (purple) to the longest source-sink separation with C/0 = 12 (red). The
posterior curves obtained from an exponential fit is plotted as the colored band, with the color corresponding
to the same source-sink separation as the data. The di�erent panels correspond to di�erent 3-momentum
transfers squared, in units of the minimum lattice momentum 2c/! squared, for the lowest 10 momenta used
in the analysis. Since the data are preliminary, the units on the vertical axis are omitted.

There are several qualities that suggest large excited-state contaminations at low-momentum
transfers. There is a strong curvature with g/0 at low momentum transfer, even for the largest
source-sink time separation (red), with a curvature that changes sign. The smallest source-sink time
separations are relatively smaller than the largest source-sink time separations at low momentum,
but the opposite is true at large momenta. The gray band corresponding to the posterior matrix
element connecting ground states of ingoing and outgoing momenta is as much as 2f from the
ratio central value. These qualities are suggestive of large excited state contaminations in the
low-momentum transfer data, particularly the axial charge.

As the momentum is increased, the agreement between the ground state posterior gray band
and the ratio value of the largest source-sink separation come into agreement. The ratio data for
the largest source-sink separation times fall on top of each other, suggesting that the most harmful
excited state contaminations have decayed away and only the ground state contribution remains.
These two observations give confidence that the excited states are reasonably controlled, and the
posteriors give the axial matrix elements of interest.

The fit to the axial matrix elements is shown in Fig. 2. The green (lighter top) curve is a
5-parameter fit to the scatter points with a I expansion parameterization including 4 sum rule
constraints, which gives a good description of the data. The gray (darker lower) curve is a
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Lessons learned: 
Excited state (e.s.) contamination was the main cause of  the gA deficiency 

It is not practical to pull source/sink far enough apart to eliminate e.s. contamination 

Need at least 3 values of  t (tsep) to control extrapolation 
most groups advocate high statistics, O(5e5), at large tsep values 
some groups advocate medium statistics, O(2e4), with O(10) tsep values 

Numerical analysis is critical: 
large, highly correlated data sets with under-sampled covariance 
insufficient to get spectrum from 2pt and use that in 3pt analysis - need global analysis 

Excited states are also important for form-factors - see Sara Collins talk next 

The operators we use are sub-optimal to eliminate e.s. contamination 
Some analysis tricks can suppress e.s. for forward matrix elements
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LQCD: 3 point functions 0tsep
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Lessons learned: 
We really need to incorporate variational basis in our computations 

hopefully, will enable removal of  dominant e.s. 
identify “optimal” nucleon 

allows for Breit-Frame (pf = -pi) 
(which allows for better control of  e.s. systematic uncertainty) 
enables proper study of  resonance region and pion-production
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LQCD results for FA(Q2)

A. Meyer, C. Wilkinson, AWL 
Ann. Rev. N&P 2022 

[2201.01839]

~1-2 years for “fully” quantified 
LQCD results for FA  

2 groups have done all 
extrapolations (NME, RQCD) 

Others have not - but use different 
“actions” - consistency indicative 
that continuum is small systematic 

See. Konstantine Ottnad’s talk 
today for more detailed 
examination of  FF calculations 

Consitency: worth comparing 
with phono-extraction



Compare single-nucleon cross section - 30% larger than deuterium extraction
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Phenomenological Implications - why we have to care



Freeze everything but single-nucleon to see impact of  changing this one “moving piece”
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Phenomenological Implications - why we have to care

A. Meyer, C. Wilkinson, AWL 
Ann. Rev. N&P 2022 

[2201.01839]

0 0.5 1 1.5
0

1

2

3
310×

0

1

2

3

310×

 P
O

T
21

T2
K-

N
D

 ra
te

 /t
 /1

0

0 0.5 1 1.50

0.1

0.2

0

0.1

0.2

0.3

 P
O

T
21

T2
K-

SK
 ra

te
 /k

t /
10

GENIE nominal Z-exp LQCD fit
Nominal CCQE Z-exp LQCD CCQE
Nominal 2p2h Nominal Other

0 0.5 1 1.5
 (GeV)rec, QE

νE

1

1.2

1.4

R
at

io
 w

.r.
t n

om
in

al

0 0.5 1 1.5
0

1

2

3
310×

0

1

2

3

310×

 P
O

T
21

T2
K-

N
D

 ra
te

 /t
 /1

0

GENIE nominal Z-exp LQCD fit
Nominal CCQE Z-exp LQCD CCQE
Nominal 2p2h Nominal Other

0 0.5 1 1.5
 (GeV)rec, QE

νE

1

1.2

1.4

R
at

io
 w

.r.
t n

om
in

al

T2K



0 2 4 6
0

0.2

0.4

0.6

0.8

610×

0

0.2

0.4

0.6

0.8

610×

 P
O

T
21

R
at

e 
/t 

/1
0

0 2 4 60

20

40

0

20

40

 P
O

T
21

R
at

e 
/k

t /
10

GENIE nominal Z-exp LQCD fit
Nominal CCQE Nominal CC-2p2h
Nominal CC-RES Nominal CC-Other

0 2 4 6
 (GeV)rec, had

νE
0.9

1

1.1

1.2

R
at

io
 w

.r.
t n

om
in

al

Freeze everything but single-nucleon to see impact of  changing this one “moving piece”
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A. Meyer, C. Wilkinson, AWL 
Ann. Rev. N&P 2022 

[2201.01839]

Phenomenological Implications - why we have to care
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1-2 year, fully quantified LQCD results for FA up to Q2 ~ 2GeV2 

Several groups with full continuum, physical pion mass extrapolations 
need to verify excited states are under control 

We need to implement variational basis that uses multi-hadron creation/annihilation operators 
(see RQCD preliminary work in this direction - Barca, Bali, Collins, LATTICE2021 - 2110.11908) 

This will also critically allow for resonance-region and pion production

22

Future directions
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Future directions
2. State of  the Field
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Δ++(1232)

Δ0(1232)

W2 = (ΣE)2 - |Σp|2

νµp→ µ-pπ+
νµp→ µ+pπ-

Indeed not! 

Our pion production model uses 
a description of resonance 
production that is “naive and 
obviously wrong in its 
simplicity” [F.K.R. PRD3 (1971)] 

I trust some bright motivated 
physicists will fix this soon

Current models are unsatisfactory: 
Simplistic description of neutrino-nucleon interaction 
Unsophisticated description of the nucleus 

Heavy reliance on old data (experiments shut down) 

~10% uncertainties on effective parameters at best



1-2 year, fully quantified LQCD results for FA up to Q2 ~ 2GeV2 

Several groups with full continuum, physical pion mass extrapolations 
need to verify excited states are under control 

We need to implement variation basis that uses multi-hadron creation/annihilation operators 
(see RQCD preliminary work in this direction - Barca, Bali, Collins, LATTICE2021 - 2110.11908) 

This will also critically allow for resonance-region and pion production 

Need to carefully study convergence of  baryon XPT 
indications that delta-less SU(2) Baryon XPT does not converge 
this is critical for understanding two-nucleon contributions -  

if  single nucleon does not converge, we have to perform calculation at the physical pion mass  
VERY DIFFICULT for NN
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Future directions



Bernard and Meissner (CD06) 
Phys.Lett.B639 [hep-lat/0605010] 
                  F —> Fπ 25

convergence of  the chiral expansion…
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can we trust extrapolation of  quantities  
with chiraly-enhanced behavior? 
if  the single nucleon is not converging, would you 
trust chiral extrapolations of  two or more nucleons?

m⇡ ⇠ 130 MeV
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The point is not - will this ruler approximation hold to arbitrary precision? 
Already, it holds to sufficient precision that it demonstrates a strong cancellation between different 
orders in the expansion 
Is it sufficiently accurate that one can extract the pion-nucleon sigma term? 
BMW find a much smaller sigma term, 38(3)(3) PRL 116 (2016) [arXiv:1510.08013] 
Almost all other lattice groups find similarly small values - in significant tension with the 
phenomenological determinations [Hoferichter, Ruiz de Elvira, Kubis, Meissner PhysRept 625 (2016)] 
Gupta et al. PRL 127 (2021) [2105.12095] find large value - if  e.s. are forced to be N(p)𝜋(-p)

��N = 67± 4 MeV
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Worth noting - if  you use  
and force the delta-axial couplings, the value 
of  the pion-nucleon sigma term is also large 
large Nc gives de-coherent nucleon and delta 
loop corrections to gA, but coherent to MN 
                              has a chance of  being a 
converging expansion - but it won’t be pretty

SU(2) HB�PT(�)
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                              is a failed expansion…SU(2) HB�PT(�/)
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1-2 year, fully quantified LQCD results for FA up to Q2 ~ 2GeV2 

Several groups with full continuum, physical pion mass extrapolations 
need to verify excited states are under control 

We need to implement variation basis that uses multi-hadron creation/annihilation operators 
(see RQCD preliminary work in this direction - Barca, Bali, Collins, LATTICE2021 - 2110.11908) 

This will also critically allow for resonance-region and pion production 

Need to carefully study convergence of  baryon XPT 
indications that delta-less SU(2) Baryon XPT does not converge 
this is critical for understanding two-nucleon contributions -  

if  single nucleon does not converge, we have to perform calculation at the physical pion mass  
VERY DIFFICULT for NN 

Build up nuclear corrections - NN matrix elements 
Better resolve the NN-controversy first!  It seems the old NPLQCD results are wrong - and their 
are also indications of  large discretization effects (Mainz)

28

Future directions
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Conclusions
Lattice QCD can provide valuable input and “break the degeneracy” of  nuclear model 
effects in modeling ν-A cross sections 

Lattice QCD is not a “black box” that returns results - but requires very sophisticated (at 
least by theory standards) data analysis methods to obtain robust matrix elements and form 
factors with fully quantified uncertainties 

Lattice QCD is around the corner from providing impactful results to ν-A cross section 
modeling - 1-2 years for robust quasi-elastic FA predictions 

The near horizon includes understanding the resonance region and pion-production 
and two-nucleon charges and form-factors 

These results also need to be coupled to EFTs of  nuclear physics and many-body nuclear 
models and integrated into the event generators
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