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Why care about theory systematics?
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Borsanyi et al, Nature 593, 
no 7857 (2021)

• Agreement between different theory 
calculations is necessary but not 
sufficient for accurate theory 
predictions

Discovering new BSM physics comes 
from finding discrepancies between 
experimental results and Standard 
Model predictions
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Borsanyi et al, Nature 593, 
no 7857 (2021)Discovering new BSM physics comes 

from finding discrepancies between 
experimental results and Standard 
Model predictions

• Agreement between different theory 
calculations is necessary but not 
sufficient for accurate theory 
predictions

Consider a nightmare about muon g-2:

1) Suppose the true Standard Model value of g-2 signals no new physics

2) Suppose lattice QCD didn’t reach BMWc 2020’s precision until the 2030s

We might discover BSM physics and have to un-discover it 
10+ years later…
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What if R-ratio methods have 
underestimated theory systematics?

What if BMWc’s calculation has 
underestimated systematics

Size of theory systematic uncertainties can make the difference between 
whether or not we think we’ve discovered new physics

Why care about theory systematics?



Borsanyi et al, Nature 593, no 7857 (2021) 5

All the differences between theorists’ calculations and the real world

• Functional form of the model (~0 for lattice QCD, significant for nuclear EFTs)

• Incomplete knowledge of input parameters

• Approximations used within calculations (non-zero lattice spacing…)

Input parameter 
tuning

Approximations

Approximations

What are theory systematics?
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Determining theory systematics
1) Perform additional (less precise) calculations to estimate the size of effects not 

included in primary calculation

• Finite-volume effects can be approximately calculated in chiral EFT, even for 
quantities where we need lattice QCD for short-distance physics

2) Fit a model of systematic effect to 
data and subtract the best-fit 

• Not choosing an overly-
constrained model is 
essential for accurately 
estimating uncertainties

• Variation between results using 
different models provides an 
(incomplete!) estimate of 
residual systematic 
uncertainties

Borsanyi et al, Nature 593, no 7857 (2021)
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All the differences between theorists’ calculations and the real world

• Functional form of the model (~0 for lattice QCD, significant for nuclear EFTs)

• Incomplete knowledge of input parameters

• Approximations used within calculations (non-zero lattice spacing…)

What are theory systematics?

Defining a perturbatively renormalizable EFT for even low-energy nuclear physics 
remains an unsolved problem Kaplan, Savage, and Wise, Nucl. Phys. B478 (1996);

Reviews: van Kolck, Front. in Phys. 8 (2020)

Nogga, Timmermans, and van Kolck, PRC 72 (2005);

Nucleon kinetic 
energy

NN potential 3N potential

H =
X

i

Ki +
X

i<j

vij +
X

i<j<k

Vijk

<latexit sha1_base64="TtR1skY3C44p3C/fHOi/uXPK1rg=">AAACI3icbVBNS8NAEN34WetX1KOXxSIIQkmkokiFopeClwr2A9oQNttNu3Y3CbubQgn9L178K148KMWLB/+LmzaH2vpgmLdvZpid50WMSmVZ38bK6tr6xmZuK7+9s7u3bx4cNmQYC0zqOGShaHlIEkYDUldUMdKKBEHcY6TpDe7TenNIhKRh8KRGEXE46gXUpxgpLbnmTRXewo6MuUvhg47z2SOh5ecxHOqs05xWHoxhI1V1ds2CVbSmgMvEzkgBZKi55qTTDXHMSaAwQ1K2bStSToKEopiRcb4TSxIhPEA90tY0QJxIJ5neOIanWulCPxQ6AgWn6vxEgriUI+7pTo5UXy7WUvG/WjtW/rWT0CCKFQnwbJEfM6hCmBoGu1QQrNhIE4QF1X+FuI8Ewkrbmtcm2IsnL5PGRdEuFS8fS4XKXWZHDhyDE3AGbHAFKqAKaqAOMHgBb+ADfBqvxrsxMb5mrStGNnME/sD4+QV0naL+</latexit>

Even so, regularized EFTs and phenomenological nuclear models can do a very 
good job of describing low- and medium-energy nuclear phenomena

Epelbaum, H.~Krebs and P.~Reinert,

Epelbaum, Krebs, and Reiner, arXiv:2206.07072

• It’s essential to study systematic 
uncertainties arising from our 
imprecise knowledge of 
nucleon-level effective 
Hamiltonians

See Noemi’s half of the talk up next!

Fleming, Stewart, Mehen, Nucl.Phys.A 677 (2000);

tl;dr nuclear physics is hard
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Model selection
Modeling systematics is an art, but model selection is math

• Once you have specified a family of parametric models, information criteria 
like the AIC provide quantity metrics for choosing the “best” number of 
parameters

FA(Q
2) =

1X

k=0

ak z(Q
2)k

<latexit sha1_base64="pd5TKjW13bEkumThmpQQh9XnJq4=">AAACF3icbVDLSgMxFM34rPU16tJNsAgVpMyUim4KVUFctmAf0GmHTJppw2QyQ5IR6tC/cOOvuHGhiFvd+Temj4W2HggczjmXm3u8mFGpLOvbWFpeWV1bz2xkN7e2d3bNvf2GjBKBSR1HLBItD0nCKCd1RRUjrVgQFHqMNL3geuw374mQNOJ3ahiTToj6nPoUI6Ul1yzcuJf5Wrd4AsvQkUnopkHZGnVTh3JfDUcQuQF0TuHDJNMNXDNnFawJ4CKxZyQHZqi65pfTi3ASEq4wQ1K2bStWnRQJRTEjo6yTSBIjHKA+aWvKUUhkJ53cNYLHWulBPxL6cQUn6u+JFIVSDkNPJ0OkBnLeG4v/ee1E+RedlPI4UYTj6SI/YVBFcFwS7FFBsGJDTRAWVP8V4gESCCtdZVaXYM+fvEgaxYJdKpzVSrnK1ayODDgERyAPbHAOKuAWVEEdYPAInsEreDOejBfj3fiYRpeM2cwB+APj8wf+wZ1Y</latexit>

Known function
Free parametersExample: form factor z expanion

Infinite series must be truncated at                     to provide a practical fit function
<latexit sha1_base64="DFsywi0+VxCS6V+ADioekvirMKs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1ItQ9OKxgv2ANoTNdtMu3U3C7qS0hPwTLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0gE1+A431ZpbX1jc6u8XdnZ3ds/sA+PWjpOFWVNGotYdQKimeARawIHwTqJYkQGgrWD0f3Mb4+Z0jyOnmCaME+SQcRDTgkYybft0e3Iz3rAJpBJMslz3646NWcOvErcglRRgYZvf/X6MU0li4AKonXXdRLwMqKAU8HySi/VLCF0RAasa2hEJNNeNr88x2dG6eMwVqYiwHP190RGpNZTGZhOSWCol72Z+J/XTSG88TIeJSmwiC4WhanAEONZDLjPFaMgpoYQqri5FdMhUYSCCatiQnCXX14lrYuae1W7fLys1u+KOMroBJ2ic+Sia1RHD6iBmoiiMXpGr+jNyqwX6936WLSWrGLmGP2B9fkDTvaUHQ==</latexit>

k = kmax

• How to choose          ? Minimize AIC (plus overfitting penalties, priors, …)
<latexit sha1_base64="tMRGtKg9ga5XZE4RwnTx8oEmVjU=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyKqMeiF48V7Ae0a8mm2TY0yS7JrLYs+z+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IBbcgOt+O4WV1bX1jeJmaWt7Z3evvH/QNFGiKWvQSES6HRDDBFesARwEa8eaERkI1gpGN1O/9ci04ZG6h0nMfEkGioecErDSw6iXdoGNIZVknGW9csWtujPgZeLlpIJy1Hvlr24/oolkCqggxnQ8NwY/JRo4FSwrdRPDYkJHZMA6lioimfHT2dUZPrFKH4eRtqUAz9TfEymRxkxkYDslgaFZ9Kbif14ngfDKT7mKE2CKzheFicAQ4WkEuM81oyAmlhCqub0V0yHRhIINqmRD8BZfXibNs6p3UT2/O6/UrvM4iugIHaNT5KFLVEO3qI4aiCKNntErenOenBfn3fmYtxacfOYQ/YHz+QOEy5Mw</latexit>

kmax

Only include extra fit parameters if they provide “enough” improvement to  
<latexit sha1_base64="DYrKLoIRk+cRhodTNQq1qYdoIX8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+54kqzaS4N9OY+hEeCRYygo2V2n0yZg+1QbniVt050CrxclKBHM1B+as/lCSJqDCEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqcES1n86vnaEzqwxRKJUtYdBc/T2R4kjraRTYzgibsV72MvE/r5eY8MpPmYgTQwVZLAoTjoxE2etoyBQlhk8twUQxeysiY6wwMTagkg3BW355lbRrVe+iWr+rVxrXeRxFOIFTOAcPLqEBt9CEFhB4hGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMqS47f</latexit>

�2

• Polynomial expansions are just as expressive as neural nets in the limit of an 
infinite number of parameters — the (important!) differences are 
convergence rate for a given problem and generalizing from fit to prediction

Weierstrass, Akademie der 
Wissenschaften zu Berlin, (1885)

Cybenko, Mathematics of Control, 
Signals, and Systems, (1989)

See e.g. Jay and Neill, PRD 23 (2021) 
AIC(kmax) = �2(kmax) + 2(kmax + 1)

<latexit sha1_base64="bNzF0vEmlAbPt6ZKxWG7l6GRspM=">AAACNXicbZDLSgMxFIYz9VbrbdSlm2ARWoQyUyq6EardKLioYC/Q1pJJ0zY0cyE5Iy3DvJQb38OVLlwo4tZXML0stPVA4M/3n0NyficQXIFlvRqJpeWV1bXkempjc2t7x9zdqyo/lJRVqC98WXeIYoJ7rAIcBKsHkhHXEazmDEpjv/bApOK+dwejgLVc0vN4l1MCGrXNmyawIUQX16U4M2hH05tLhnGcxee4Sfv8Pr9gHOM8noOa2dm2mbZy1qTworBnIo1mVW6bz82OT0OXeUAFUaphWwG0IiKBU8HiVDNULCB0QHqsoaVHXKZa0WTrGB9p0sFdX+rjAZ7Q3xMRcZUauY7udAn01bw3hv95jRC6Z62Ie0EIzKPTh7qhwODjcYS4wyWjIEZaECq5/iumfSIJBR10Sodgz6+8KKr5nF3IndwW0sXLWRxJdIAOUQbZ6BQV0RUqowqi6BG9oHf0YTwZb8an8TVtTRizmX30p4zvH/UFqt0=</latexit>



Tuning
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νA

Khachatryan et al [Clas and e4v] Nature 599 (2021)

Acero et al [NOvA] Eur. Phys. J. C 80 (2020)

Discrepancies between generators and data often corrected by tuning an empirical model 
of the least well known mechanism: MEC (“meson exchange”/two-body currents)

Sufficiently expressive MEC models can 
capture difference between theory and 
data for a given flux-averaged x-sec

• Tuning to reproduce one process does not 
mean other processes/energies will be 
accurately predicted, as nicely 
evidenced by          results

See talk by Barrow

Mid-modeling can distort signals of new 
physics, potentially biasing measurement 
of new physics parameters

e4⌫

<latexit sha1_base64="7dX/Xcdjm7y7LYliXheuh+fsIvM=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KolU9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZV8rPdk1q9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6R1WfPqtauHerVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8weVcI6M</latexit>

Coyle, Li, and Machado, JHEP 12, 166 (2022)

Coyle, Li, and Machado, JHEP 12, 166 (2022)

https://inspirehep.net/authors/1976522


Getting to “Known Unknowns”
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νA

The first steps towards getting few-% cross-section uncertainties are understanding what 
input parameters we will need and what precision we will need them at.

Nucleon form 
factors

Resonance 
production

Two-body 
currents

Quark and gluon 
PDFs

• There is no EFT that coverages over all of DUNE kinematics 

• We need data-driven nuclear models exploiting the generic hierarchy 
N-nucleon effects >> (N+1)-nucleon effects

• We need several few-nucleon observables (at …% precision) as inputs to 
anchor these models in experimental data + Standard Model theory
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Quantifying form factor uncertainties
z expansion — model independent parameterization of axial (and other) form factors 

that only assumes basic field theory / QCD properties

Can be used to quantify relations between nucleon axial form factor uncertainties 
and neutrino-nucleus cross section uncertainties

FA(Q
2) =

1X

k=0

ak z(Q
2)k

<latexit sha1_base64="pd5TKjW13bEkumThmpQQh9XnJq4=">AAACF3icbVDLSgMxFM34rPU16tJNsAgVpMyUim4KVUFctmAf0GmHTJppw2QyQ5IR6tC/cOOvuHGhiFvd+Temj4W2HggczjmXm3u8mFGpLOvbWFpeWV1bz2xkN7e2d3bNvf2GjBKBSR1HLBItD0nCKCd1RRUjrVgQFHqMNL3geuw374mQNOJ3ahiTToj6nPoUI6Ul1yzcuJf5Wrd4AsvQkUnopkHZGnVTh3JfDUcQuQF0TuHDJNMNXDNnFawJ4CKxZyQHZqi65pfTi3ASEq4wQ1K2bStWnRQJRTEjo6yTSBIjHKA+aWvKUUhkJ53cNYLHWulBPxL6cQUn6u+JFIVSDkNPJ0OkBnLeG4v/ee1E+RedlPI4UYTj6SI/YVBFcFwS7FFBsGJDTRAWVP8V4gESCCtdZVaXYM+fvEgaxYJdKpzVSrnK1ayODDgERyAPbHAOKuAWVEEdYPAInsEreDOejBfj3fiYRpeM2cwB+APj8wf+wZ1Y</latexit>

Known function

Hill, eConf C060409, 027 (2006)  Hill and Paz, PRD 82 (2010) Bhattacharya, Hill, and Paz, PRD 84 (2011) 

NOT DONE

Free parameters

�� =
X

k

@�

@ak
�ak + . . .

<latexit sha1_base64="pHDsIoDt2zy0eFqZD/cxTDGTcas="></latexit>

Straightforward to determine from 
calculations with varying ak

<latexit sha1_base64="+n9Pt/+r7spb2wq6p89Iukc1gHY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPvjfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqlerXt7XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gBDJo3L</latexit>

We should also be using this to 
describe resonant and non-
resonant pion production 
form factors

|z(Q2)| < 1

<latexit sha1_base64="DPp5Jktw9eohLXmWOGTzDyyzF5s=">AAAB83icbVA9TwJBEJ3DL8Qv1NJmIzHBhtwRjBYWRBtLSOQjgZPsLXuwYW/vsrtnggd/w8ZCY2z9M3b+Gxe4QsGXTPLy3kxm5nkRZ0rb9reVWVvf2NzKbud2dvf2D/KHR00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaPbmd96pFKxUNzrcUTdAA8E8xnB2kjdyVOx/lA+n6Br5PTyBbtkz4FWiZOSAqSo9fJf3X5I4oAKTThWquPYkXYTLDUjnE5z3VjRCJMRHtCOoQIHVLnJ/OYpOjNKH/mhNCU0mqu/JxIcKDUOPNMZYD1Uy95M/M/rxNq/chMmolhTQRaL/JgjHaJZAKjPJCWajw3BRDJzKyJDLDHRJqacCcFZfnmVNMslp1K6qFcK1Zs0jiycwCkUwYFLqMId1KABBCJ4hld4s2LrxXq3PhatGSudOYY/sD5/AOXEkEs=</latexit>

Simons, Steinberg, MW et al, arXiv:2210.02455
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Axial FF uncertainty needs
Uncertainty relations calculated for MiniBooNE cross sections

• Relatively little knowledge of a2, . . .

<latexit sha1_base64="FmJiPNoJ0hAQRIAQEerfFofO9fs=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BIvgQcpuqeix6MVjBfuB7VKy2Wwbmk2WZFYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZFySCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkAME1yyFnAQrJtoRuJAsE4wvp35nSemDVfyASYJ82MylDzilICVHsmgdtEXoQIzKFfcqjsHXiVeTiooR3NQ/uqHiqYxk0AFMabnuQn4GdHAqWDTUj81LCF0TIasZ6kkMTN+Nr94is+sEuJIaVsS8Fz9PZGR2JhJHNjOmMDILHsz8T+vl0J07WdcJikwSReLolRgUHj2Pg65ZhTExBJCNbe3YjoimlCwIZVsCN7yy6ukXat69erlfb3SuMnjKKITdIrOkYeuUAPdoSZqIYokekav6M0xzovz7nwsWgtOPnOM/sD5/AEM55CG</latexit>

DUNE will be more sensitive to higher coefficients, further dedicated studies needed

• ~ 1% precision in 

• ~ 10% precision in         a1

<latexit sha1_base64="CcOlsYip8mvLuZmMk549+Po4C1g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDrL42R</latexit>

LQCD target

Achieving 1% cross-section precision for MiniBooNE kinematics requires:

NOT DONE

a0

<latexit sha1_base64="eZMSlm6AgxTCNS8DRwLowmBajx0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPtuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDpq42Q</latexit>

Simons, Steinberg, MW et al, 
arXiv:2210.02455
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Resonance uncertainty needs
Similar uncertainties quantification can be 

studied for other cross-section pieces

NOT DONE

The largest contributions to two-body currents 
arise from resonant                  transitions 
in conjunction with pion exchange

N ! �

<latexit sha1_base64="KwkD6kIlnw//QHJan2QSCiyM1lU=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mkoseiHjxJBfsBTSib7aZdutkNuxO1hP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0w40+C631ZhZXVtfaO4Wdra3tnds/fLLS1TRWiTSC5VJ8SaciZoExhw2kkUxXHIaTscXU399gNVmklxD+OEBjEeCBYxgsFIPbt86ys2GAJWSj7615QD7tkVt+rO4CwTLycVlKPRs7/8viRpTAUQjrXuem4CQYYVMMLppOSnmiaYjPCAdg0VOKY6yGa3T5xjo/SdSCpTApyZ+nsiw7HW4zg0nTGGoV70puJ/XjeF6CLImEhSoILMF0Upd0A60yCcPlOUAB8bgoli5laHDLHCBExcJROCt/jyMmmdVr1a9eyuVqlf5nEU0SE6QifIQ+eojm5QAzURQU/oGb2iN2tivVjv1se8tWDlMwfoD6zPH09klKA=</latexit>

The normalization of the dominant                   transition form factor must be known to 
3% precision to achieve 1% cross-section precision for MiniBooNE kinematics

N ! �

<latexit sha1_base64="KwkD6kIlnw//QHJan2QSCiyM1lU=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mkoseiHjxJBfsBTSib7aZdutkNuxO1hP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0w40+C631ZhZXVtfaO4Wdra3tnds/fLLS1TRWiTSC5VJ8SaciZoExhw2kkUxXHIaTscXU399gNVmklxD+OEBjEeCBYxgsFIPbt86ys2GAJWSj7615QD7tkVt+rO4CwTLycVlKPRs7/8viRpTAUQjrXuem4CQYYVMMLppOSnmiaYjPCAdg0VOKY6yGa3T5xjo/SdSCpTApyZ+nsiw7HW4zg0nTGGoV70puJ/XjeF6CLImEhSoILMF0Upd0A60yCcPlOUAB8bgoli5laHDLHCBExcJROCt/jyMmmdVr1a9eyuVqlf5nEU0SE6QifIQ+eojm5QAzURQU/oGb2iN2tivVjv1se8tWDlMwfoD6zPH09klKA=</latexit>

State-of-the-art determinations of this form 
factor from experimental data on pion 
electroproduction achieve 10-15% 
precision (under some assumptions)

Hernandez et al, PRD 81 (2010) 

Further constraints on                
transitions and two-body currents will 
be necessary to achieve few-percent 
cross-section precision

N ! �

<latexit sha1_base64="KwkD6kIlnw//QHJan2QSCiyM1lU=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mkoseiHjxJBfsBTSib7aZdutkNuxO1hP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0w40+C631ZhZXVtfaO4Wdra3tnds/fLLS1TRWiTSC5VJ8SaciZoExhw2kkUxXHIaTscXU399gNVmklxD+OEBjEeCBYxgsFIPbt86ys2GAJWSj7615QD7tkVt+rO4CwTLycVlKPRs7/8viRpTAUQjrXuem4CQYYVMMLppOSnmiaYjPCAdg0VOKY6yGa3T5xjo/SdSCpTApyZ+nsiw7HW4zg0nTGGoV70puJ/XjeF6CLImEhSoILMF0Upd0A60yCcPlOUAB8bgoli5laHDLHCBExcJROCt/jyMmmdVr1a9eyuVqlf5nEU0SE6QifIQ+eojm5QAzURQU/oGb2iN2tivVjv1se8tWDlMwfoD6zPH09klKA=</latexit>

Simons, Steinberg, MW et al, 
arXiv:2210.02455
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          and        systems can be explicitly studied in LQCD
<latexit sha1_base64="IMVw6qt5aNePakl32xmcx55W0RY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF08SwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DqpeYe6CUO9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZtdO0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6OuozTYnlY0cw0czdisgQa0ysC6jkQggWX14mzbNqcFE9vz+v1K7zOIpwBMdwCgFcQg1uoQ4NIPAIz/AKb57yXrx372PeWvDymUP4A+/zB5vrjoI=</latexit>

N⇡

            transition form factors can also be 
calculated with variational methods

N ! �

<latexit sha1_base64="jcYpsMTCnUCwAz+RFCIfOeeqVCg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIxR4LevAkFewHNKFstpt26SYbdidKKPWvePGgiFd/iDf/jds2B219MPB4b4aZeUEiuAbH+bYKa+sbm1vF7dLO7t7+gX141NYyVZS1qBRSdQOimeAxawEHwbqJYiQKBOsE46uZ33lgSnMZ30OWMD8iw5iHnBIwUt8u33qKD0dAlJKP2LtmAkjfrjhVZw68StycVFCOZt/+8gaSphGLgQqidc91EvAnRAGngk1LXqpZQuiYDFnP0JhETPuT+fFTfGqUAQ6lMhUDnqu/JyYk0jqLAtMZERjpZW8m/uf1Ugjr/oTHSQospotFYSowSDxLAg+4YhREZgihiptbMR0RRSiYvEomBHf55VXSPq+6terFXa3SqOdxFNExOkFnyEWXqIFuUBO1EEUZekav6M16sl6sd+tj0Vqw8pky+gPr8wenupTA</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 et al, PRD 23 (2021)

<latexit sha1_base64="IMVw6qt5aNePakl32xmcx55W0RY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF08SwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DqpeYe6CUO9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZtdO0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6OuozTYnlY0cw0czdisgQa0ysC6jkQggWX14mzbNqcFE9vz+v1K7zOIpwBMdwCgFcQg1uoQ4NIPAIz/AKb57yXrx372PeWvDymUP4A+/zB5vrjoI=</latexit>

N⇡
phase shift

p-wave

Barca, Bali, and Collins, PoS LATTICE 2021 (2022)

          systems in LQCD Nπ

Fully mapping out spectrum through the 
resonance region will be challenging

�

<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>
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Work in progress with Anthony Grebe
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Takeaways (part 1)
Getting to few-% cross-section uncertainties will require 

• Nuclear models with a limited number of 
parameters that can ideally be constrained 
using other data (e.g. few-nucleon 
potentials and currents, nuclear PDFs) 
implemented in event generators 

• Relations between x-sec uncertainties and 
input parameter uncertainties providing 
precision goals for “known unknowns” 

• Additional constraints on few-nucleon inputs 
from experiment and lattice QCD


