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

DUNE
Accelerator neutrino fluxes cover a wide 

range of energies where different 
processes dominate cross-section:

• Quasi-elastic nucleon scattering 

• Resonance production 

• Deep inelastic scattering

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

Neutrino-nucleus scattering

Nucleon form 
factors

Resonance 
production

Two-body 
currents

Quark and gluon 
PDFs

Effective theories for different energies require different inputs

Theory input required to decompose cross 
section into such processes and 
therefore predict its energy dependence
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Lattice QCD and neutrino-nucleus 

Connecting nucleon form factors to neutrino-nucleus scattering is more complicated

Neutrino-nucleon scattering amplitudes can be computed straightforwardly once 
nucleon electroweak form factors known

Lattice QCD provides reliable methods for numerically computing properties of QCD 
including nucleon form factors encoding responses to electroweak currents

• Lattice QCD can constrain inputs to nuclear EFTs and models 

• Constraints from lattice QCD and experiment are often complementary
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Quarks and gluons on a lattice

Compromises:

Lattice QCD uses a path integral version of quantum mechanics 

— Quark propagators provide explicit solutions to the quark field path integral 

— Gluon field path integrals are performed numerically using Monte Carlo:          
random field values are drawn from a probability distribution similar to the integrand

Lattice spacing Finite-volume

a ! 0
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L ! 1
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Imaginary time

Imaginary time turns complex quantum probability amplitudes

into positive-definite functions that can be interpreted as probabilities for random 
numbers in a Monte Carlo simulation

probability amplitude ⇠ eiS
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probability amplitude ⇠ e�S
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t ! it
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Observables in LQCD
LQCD energy spectrum determined from 2-point correlation functions

=
X

n

|Zn|2e�Ent
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Imaginary time evolution e�iHtreal = e�H(itreal)
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In imaginary time, correlation functions can be written as sums of exponentials

Ground state dominates for large      t
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CA(t) / e�E0t + . . .
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CA(t) =
⌦
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+ . . .
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Reaction mechanisms

Nucleon form 
factors

Resonance 
production

Two-body 
currents

Quark and gluon 
PDFs

Alvarez-Ruso, MW et al, arXiv:2203.09030



LQCD and nucleon form factors
Nucleon electric and 

magnetic form factors 
recently calculated using 
LQCD with approximately 
physical quark masses

7

LQCD results for nucleon electric and magnetic form factors (linear combinations of       
and       ) show good consistency with phenomenological parameterizations

Park et al [NME], PRD 105 (2022)

F2
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hN(p+ q)|V µ|N(p)i = u(p+ q)


F1(q

2)�µ + i�µ⌫q⌫
F2(q2)

2MN

�
u(p)
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Careful treatment of     
excited states required 
to reproduce known 
symmetry constraints 
assuming ground-state 
dominance of results

Excited states

N⇡
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8Park et al [NME], PRD 105 (2022)
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Axial form factor calculations 
have been performed using 
analogous methods

NOT DONE

hN(p+ q)|Aµ|N(p)i = u(p+ q)

"
GA(q

2)�µ�5 + qµ�5
eGP (q2)

2MN

#
u(p)
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Barca, Bali, and Collins, PoS LATTICE 2022 (2022)

Additional excited-state effects 
arise from the fact that axial 
currents can act as pion 
sources



LQCD calculations of nucleon axial 
form factors with approximately 
physical quark masses and 
continuum extrapolations 
achieved by multiple groups
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Axial form factors

Up to 3 sigma differences between 
LQCD and experimental axial 
form factor determinations, 
could arise from challenging 
LQCD systematic uncertainties

Differences could also arise from 
underestimated uncertainties in 
phenomenological form factor 
determinations using deuterium 
bubble chamber data

Meyer, Betancourt, Gran, and Hill, PRD 93 (2016)

Simons, Steinberg, MW et al, arXiv:2210.02455

Park et al [NME], PRD 105 (2022)

Djukanovic et al, PRD 103 (2021)

Bali et al [RQCD], JHEP 05 126 (2020)

See talk tomorrow 
by Rajan Gupta

Alexandrou et al [ETMC], PRD 109 (2024)

Jang et al [NME], PRD 109 (2024)



• Effects on near and far detectors differ, understanding discrepancy 
essential for reliable neutrino oscillation analyses

10

Meyer, Walker-Loud, Wilkinson, Ann. Rev. Nucl. Part. Sci. 72 (2022)

GENIE event generator predictions for T2K event rate using deuterium bubble 
chamber vs recent LQCD axial form factors differ by ~20%

Axial form factor uncertainties
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What precision do we need from 
LQCD for neutrino physics?

Simons, Steinberg, Lovato, Meurice, Rocco, MW, arXiv:2210.02455

• Quantitative precision targets essential for high-performance computing campaigns

• Cannot assume an overly restrictive form factor shape, e.g. dipole; 
assumptions lead to underestimated precision needs

• Theoretically consistent nuclear models without tuning to neutrino data 
needed to disentangle axial form factor from multi-nucleon effects

• Comparison between multiple nuclear models needed to study nuclear 
uncertainties in the role of axial form factors in νA

NOT DONE
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Predicting        cross sectionsνA
Green’s function Monte Carlo (GFMC) methods can accurately solve nuclear many-

body problem given a Hamiltonian and electroweak current operators 

• Cost grows rapidly with nucleon number, computationally limited to A ≲ 12

More computationally tractable: extended factorization scheme using approximate 
spectral functions — distributions of nucleons (+ NN pairs + …) in nucleus

Z
PN⇥
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Z
PNN⇥
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+

<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

⇡

<latexit sha1_base64="SRWvNz75D1yL3QwbjEKbvp2ANO8=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDWrVy/tapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5X6j74=</latexit>

Allows inclusion of 2-body 
currents and 
resonance production, 
computationally 
feasible for medium-
mass nuclei

+ . . .

<latexit sha1_base64="ZGWX7K46Gf0mta2cpJ9XQjEWjRI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiFT0WvXisYD+gDWWz2bRLN5uwOxFK6Y/w4kERr/4eb/4bt20O2vpg4PHeDDPzglQKg6777RTW1jc2t4rbpZ3dvf2D8uFRyySZZrzJEpnoTkANl0LxJgqUvJNqTuNA8nYwupv57SeujUjUI45T7sd0oEQkGEUrtS96MkzQ9MsVt+rOQVaJl5MK5Gj0y1+9MGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqID3rVU0ZgbfzI/d0rOrBKSKNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G0Y0/ESrNkCu2WBRlkmBCZr+TUGjOUI4toUwLeythQ6opQ5tQyYbgLb+8SlqXVa9WvXqoVeq3eRxFOIFTOAcPrqEO99CAJjAYwTO8wpuTOi/Ou/OxaC04+cwx/IHz+QMl4o91</latexit>

Benhar et al, PRD (2005) Rocco et al, PRC 99 (2019)Rocco, Lovato, Benhar PRL 116 (2016) …

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

See talks by Jay, 
Steinberg
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MiniBooNE results
Comparison of GFMC and spectral function (SF) results for          with experimental 

data and one another provides validation of nuclear many-body methods
12C

<latexit sha1_base64="UmQoauZVx+a6BnstYghny/ULnRI=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKRY/FXjxWsB/QxrLZbtqlm03YnYg15Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5ttbWNza3tgs7xd29/YOSfXjU1lGiKGvRSESq6xPNBJesBRwE68aKkdAXrONPGjO/88CU5pG8g2nMvJCMJA84JWCkgV1Ks/vUrWZ9YI+QNrKBXXYqzhx4lbg5KaMczYH91R9GNAmZBCqI1j3XicFLiQJOBcuK/USzmNAJGbGeoZKETHvp/PAMnxlliINImZKA5+rviZSEWk9D33SGBMZ62ZuJ/3m9BIIrL+UyToBJulgUJAJDhGcp4CFXjIKYGkKo4uZWTMdEEQomq6IJwV1+eZW0qxW3Vrm4rZXr13kcBXSCTtE5ctElqqMb1EQtRFGCntErerOerBfr3fpYtK5Z+cwx+gPr8wcGPpNW</latexit>

• 5-20% differences found between GFMC and SF predictions for MiniBooNE, largest 
at kinematics where relativistic effects neglected in GFMC are most significant

NOT DONE

• 10-20% differences found between LQCD and D2 form factors

Simons, Steinberg, MW et al, 
arXiv:2210.02455
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T2K results
Form factor and nuclear model differences both somewhat smaller with T2K 

kinematics (lower flux of high-energy neutrinos than MiniBooNE)

• Consistent treatment of nucleon axial form factor and nuclear many-body effects 
essential when fitting to neutrino scattering data

NOT DONE

Changes in nuclear model vs changes in axial form factor are not easy to distinguish

Simons, Steinberg, MW et al, 
arXiv:2210.02455
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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>
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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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Beyond the axial form factor

Nucleon form 
factors

Resonance 
production

Two-body 
currents

Quark and gluon 
PDFs

Alvarez-Ruso, MW et al, arXiv:2203.09030



18

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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          systems in LQCD Nπ

NOT DONE

The      is not a stable particle in 
QCD

Need to disentangle resonant 
and non-resonant form factors 
from transition matrix involving 
all QCD energy eigenstates

Δ

Variational methods can be used to compute 
analogous correlation function matrices 
describing         scatteringNπ

Silvi et al, PRD 23 (2021) Andersen, Bulava, Hörz, Morningstar, PRD 97 (2018)

Silvi et al, PRD 23 (2021)

Alexandrou et al, PRD 109 (2024)

Bulava et al, Nucl. Phys. B 987 (2023)

Barca, Bali, and Collins, PRD 107 (2023)
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,      , and Nππ
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Three-particle states close to the      threshold, must be explicitly includedΔ

NπΔ



21

          systems in LQCD Nππ
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Proof-of-principle calculations of 
systems demonstrated

• Overlap between single-
nucleon and           states 
appears larger than for

Nππ
Nπ

Nππ

Extensions to compute full 
matrices of resonant and non-
resonant correlation functions 
in progress

Grebe and MW, PoS LATTICE 2023
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Two-body currents in LQCD

Flavor decomposition of axial matrix elements of two and three nucleon 
systems computed with                           m⇡ = 806 MeV

<latexit sha1_base64="Sh/+vWOjQSEBdvrSD030q9i+cMM=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2FXouYiBL14ESKYByQhzE56kyGzD2Z6xbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5kRQabfvbWlhcWl5Zzaxl1zc2t7ZzO7s1HcaKQ5WHMlQNl2mQIoAqCpTQiBQw35VQdwdXY79+D0qLMLjDYQRtn/UC4QnO0Eid3L7faUWCXtCSfdZCeMCE3kBt1Mnl7YI9AZ0nTkryJEWlk/tqdUMe+xAgl0zrpmNH2E6YQsEljLKtWEPE+ID1oGlowHzQ7WRy/4geGaVLvVCZCpBO1N8TCfO1Hvqu6fQZ9vWsNxb/85oxeqV2IoIoRgj4dJEXS4ohHYdBu0IBRzk0hHElzK2U95liHE1kWROCM/vyPKmdFJxi4fS2mC9fpnFkyAE5JMfEIeekTK5JhVQJJ4/kmbySN+vJerHerY9p64KVzuyRP7A+fwAoNZTs</latexit>

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

Parreño, MW et al [NPLQCD] PRD 103 (2021)

Axial current matrix element 
calculations with                       
permit preliminary extrapolations to 
physical quark masses

m⇡ = 450 MeV

<latexit sha1_base64="O9OpK4/6JiFqjN0j3RDGqxc9o40=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEInsKMJOhFCHrxIkQwC2SG0NOpJE16FrprxDDm4K948aCIV3/Dm39jZzlo4oOCx3tVVNXzYyk02va3lVlaXlldy67nNja3tnfyu3t1HSWKQ41HMlJNn2mQIoQaCpTQjBWwwJfQ8AdXY79xD0qLKLzDYQxewHqh6ArO0Ejt/EHQdmNBL2ipbLsID5jSG6iP2vmCXbQnoIvEmZECmaHazn+5nYgnAYTIJdO65dgxeilTKLiEUc5NNMSMD1gPWoaGLADtpZP7R/TYKB3ajZSpEOlE/T2RskDrYeCbzoBhX897Y/E/r5Vg99xLRRgnCCGfLuomkmJEx2HQjlDAUQ4NYVwJcyvlfaYYRxNZzoTgzL+8SOqnRadULN+WCpXLWRxZckiOyAlxyBmpkGtSJTXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPHyBnlOc=</latexit>

Two-nucleon axial matrix 
elements relevant for proton-
proton fusion computed, 
used to constrain two-body 
currents

Savage, MW et al [NPLQCD], PRL 119 (2017)

Several systematic uncertainties remain, 
but encouraging agreement with 
experiment seen 



Towards NN scattering from LQCD
Small energy gaps to unbound scattering states make excited-state effects 

challenging for two-nucleon systems. Progress using variational calculations:
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• Consistency among studies with similar 
interpolating operators 

• Significant discrepancies between 
calculations with different operators

Further study needed!

Lüscher 
quantization 
condition Amarasinghe, MW et al [NPLQCD], 

PRD 107 (2023)
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Data-driven vs Theory-driven

Tuning for one flux doesn’t mean other 
kinematics will be modeled correctly

TheoryData
QCD is complicated at 

scales ~ 1 GeV

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

Alvarez-Ruso, MW et al, arXiv:2203.09030

https://inspirehep.net/authors/1976522


Nnear

Nfar
=

R
dE⌫�near(E⌫)�(E⌫)R
dE⌫�far(E⌫)�(E⌫)

<latexit sha1_base64="qk1CGSWlAWFr8uCR/ayklN8TVaw="></latexit>
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New physics and          cross-section both affect shape of far detector flux⌫A

<latexit sha1_base64="lvIYZZmqiVwmGr+Q3KA3OwEPaVI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseqF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzIjN71yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqLrYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukeVH1atXLh1qlfpvHUYQTOIVz8OAK6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDQP6OVA==</latexit>

Cross-section

Experimentally measured 
event rates

Near-detector neutrino flux and acceptance

Far-detector flux (depends on 
oscillation parameters)

Tuning can obscure new physics

Coyle, Li, and Machado, JHEP 12 (2022)
Inaccuracies in cross-section modeling 

can distort signatures of new physics 
such as oscillations into sterile 
neutrinos

Near-detector tuning is not always 
sufficient for correctly extracting new 
physics signals (due to assumptions 
in cross-section models)



Theorist-approved tuning?
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Work in progress
with Karla Tame Narveaz, Josh Isaacson, and Shirley Li



Theorist-approved tuning?
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• Cross section can be decomposed 
into lepton / hadron tensors



Theorist-approved tuning?

28Albright and Jarlskog, Nucl. Phys. B 84 (1975)

• Structure function decomposition of hadron tensor assumes nothing beyond 
symmetries of Standard Model

• Cross section can be decomposed 
into lepton / hadron tensors

• (muon mass non-negligible!)

• Spin 0 nucleus like argon 
described by 5 structure 
functions



Machine learning structure functions
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3D probability distribution

• Parameterize via normalizing flows

• Loss function: KL divergence between 
data and model distributions



Machine learning structure functions
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3D probability distribution

• Parameterize via normalizing flows

• Loss function: KL divergence between 
data and model distributions

• Wrong dimensionality!!

Near detector data constrains 2D marginal of cross-section distribution



Machine learning structure functions
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3D probability distribution

• Parameterize via normalizing flows

• Loss function: KL divergence between 
data and model distributions

• Wrong dimensionality!!

• Parameterize as 2D neural net

2D continuous function

• Loss function: same KL divergence 
applicable to cross section

Near detector data constrains 2D marginal of cross-section distribution



Far detector extrapolation
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DUNE phase space distributions for ND and FD almost completely overlap

Learning at ND and extrapolating to FD possible

Li, Isaacson, Tame, MW, in preparation



Near detector training
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Fake data study using DUNE flux estimates and GENIE cross sections

Li, Isaacson, Tame, MW, in preparation

Epoch 0 Epoch 1 Epoch 2

Epoch 4 Epoch 6 Epoch 8

E′￼

E′￼

cos θ cos θcos θ



Near detector training
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Epoch 100

After 10s of training iterations, network 
has captured rough features of ND 
data distribution

More sophisticated training likely 
required to capture fine details

Li, Isaacson, Tame, MW, in preparation

E′￼

Loss

Epoch

E′￼

cos θcos θ



Far detector extrapolation
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sin θ23

After training on ND data, 
model used to predict FD 
distribution after oscillations

• Same KL divergence loss 
can be used to compare 
model predictions after 
oscillations to FD data

• Oscillation parameters that 
minimize loss are “best-fit” 
oscillation parameters

(Very) preliminary results encouraging, training uncertainties under investigation!

Data uncertainties Training uncertainties

Li, Isaacson, Tame, MW, in preparation



Incorporating global constraints
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Neural net structure function 
parameterizations have been 
studied  by NNSF   Collaboration
Candido et al, arXiv:2302.08527

ν

Global data on DIS and lower-energy 
processes used to constrain 
structure functions

Structure functions (assuming 
massless charged leptons) 
parameterized by neural nets

Can these constraints be combined 
with ND constraints for more 
refined data-driven oscillation 
analyses?
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Conclusions

Theory-driven cross sections are required to search for new physics that 
could be absorbed into cross-section model NOT DONE

Lattice QCD can provide nucleon-level form factors to ground nuclear 
models in the Standard Model

Data-driven cross sections can reduce (remove?) theory uncertainties in 
oscillation analyses, and provide valuable complementary cross checks


