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Next-generation oscillation experiments can answer fundamental questions 
about the neutrino mass ordering, size of leptonic CP violation, and more

The precision era of     physicsν

Discovering new physics with       experiments requires control of all the 
Standard Model physics in the detector

⌫
<latexit sha1_base64="+GHa80jRq0tTzBlknE+IK7FQbto=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBhe43f</latexit>

Exclusive         cross-sections required for event-by-event reconstruction of 
incident neutrino energy
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Measured Goal

Acciarri et al (DUNE) arXiv 1512.06148

    cross-section⌫A
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See talks by Shirley Li, Will Jay, Josh Barrow, Kajetan Niewczas
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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 

• Two-body currents 

• Deep inelastic scattering

Adapted from Formaggio, Zeller, Rev. Mod. Phys. 84 (2012)
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Euclidean hadronic matrix elements calculable (in principle) using lattice QCD

Lattice QCD and 
          scattering amplitudes factorize into leptonic and hadronic parts

hOi =

Z
DUDqDq e�SQCD(U,q,q)

O(U, q, q)
<latexit sha1_base64="EW1q7R0iuXFwKmNltOLNf1/GncE="></latexit>

⇡
1

Ncfg

NcfgX

i=1

O(Ui)
<latexit sha1_base64="wAiRkkKMLsIkFyk0q/w/ltNUSFw="></latexit>
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q�µ�5PLq
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f
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νA

M⌫A!`f / (u`�µ�5PLu⌫) hf | q�µ�5PLq |Ai
<latexit sha1_base64="HL4m79f9z9L1KXOMG9v1q6rIxO0="></latexit>
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Lattice QCD, EFT, and 
1
H

2
H

3
He

4
He

t

E

νA
Lattice QCD simulations of nuclei face 

several practice challenges:

• Exponential signal-to-noise degradation 

• Small gaps to finite-volume excited 
states 

• Rapid growth in number of Wick 
contractions

NPLQCD Collaboration

Review: Davoudi, Detmold, Orginos, Parreño, Savage, Shanahan, MW arXiv:2008.11160

Matrix element studies so far limited to             with unphysical quark massesA  3
<latexit sha1_base64="2fPANYoSCr3dvVjVI8smyDkNkeo=">AAAB73icbVDLTgJBEOz1ifhCPXqZSEw8kV3F6BH14hETeSSwIbNDAxNmZ5eZWROy4Se8eNAYr/6ON//GAfagYCWdVKq6090VxIJr47rfzsrq2vrGZm4rv72zu7dfODis6yhRDGssEpFqBlSj4BJrhhuBzVghDQOBjWB4N/UbT6g0j+SjGcfoh7QveY8zaqzUvCFtgSNy0SkU3ZI7A1kmXkaKkKHaKXy1uxFLQpSGCap1y3Nj46dUGc4ETvLtRGNM2ZD2sWWppCFqP53dOyGnVumSXqRsSUNm6u+JlIZaj8PAdobUDPSiNxX/81qJ6V37KZdxYlCy+aJeIoiJyPR50uUKmRFjSyhT3N5K2IAqyoyNKG9D8BZfXib185JXLl0+lIuV2yyOHBzDCZyBB1dQgXuoQg0YCHiGV3hzRs6L8+58zFtXnGzmCP7A+fwBwg+PJA==</latexit>

Nuclear many-body methods are capable of efficiently describing larger 
nuclei, but require accurate inputs that are not all known from experiment
See talk by Noemi Rocco

LQCD Nuclear EFT and 
many-body Event generators

Strategy outlined in 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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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Quasi-elastic region
Nucleons are effective degrees of freedom for nuclei at low energies 

Currents dominantly couple to single-nucleon operators

⇡<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>

Impulse approximation:

Cross-section in this region controlled by single-nucleon form factors 

Vector current form factors are constrained by electron scattering, axial 
current form factors are less well-known
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Single-nucleon QCD input

Aoki et al [FLAG], arXiv:1902.08191

Kronfeld et al Eur. Phys. J. A 55 (2019)

PNDME Collaboration

Axial charge precisely determined from 
LQCD with controlled uncertainties 
by multiple groups

See talk by Rajan Gupta

J3
A(q) =

X

x

eiq·xq(x)�z�5⌧
3q(x)

<latexit sha1_base64="/fEnrZfHnU0AC7YipDyJWNz9H5k="></latexit>

gA =
⌦
p|J3

A(0)|p
↵

<latexit sha1_base64="sc4MyeWagoAsKQk+sTFzOF6jY1g=">AAACDnicbZC7SgNBFIZn4y3GW9TSZjAEYhN2NaKFSqKNWEUwF8jGZXYymwyZvTBzVggxT2Djq9hYKGJrbefbOEm20OgPAx//OYcz53cjwRWY5peRmptfWFxKL2dWVtfWN7KbW3UVxpKyGg1FKJsuUUzwgNWAg2DNSDLiu4I13P7FuN64Y1LxMLiBQcTaPukG3OOUgLacbL7rVPAptgXz4ARH+B5fOZXbg4K5pzHCtuTdHpw52ZxZNCfCf8FKIIcSVZ3sp90JaeyzAKggSrUsM4L2kEjgVLBRxo4Viwjtky5raQyIz1R7ODlnhPPa6WAvlPoFgCfuz4kh8ZUa+K7u9An01GxtbP5Xa8XgHbeHPIhiYAGdLvJigSHE42xwh0tGQQw0ECq5/iumPSIJBZ1gRodgzZ78F+r7RatUPLwu5crnSRxptIN2UQFZ6AiV0SWqohqi6AE9oRf0ajwaz8ab8T5tTRnJzDb6JePjG287mTg=</latexit>

Axial form factors at non-zero 
momentum transfer involve 
additional challenges, but results 
with controlled systematics 
becoming available
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Resonance region
At higher energies, pions and other 

resonances can be produced

Including explicit pions in EFT in a 
consistent power counting is challenging, 
still unresolved for A & 3

<latexit sha1_base64="GoyQw90NYQ2NwiJvQK/vriztTb0=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexqRI9RLx4jmAdsljA7mU2GzGOZ6RVCyGd48aCIV7/Gm3/jJNmDRgsaiqpuurviVHALvv/lFVZW19Y3ipulre2d3b3y/kHL6sxQ1qRaaNOJiWWCK9YEDoJ1UsOIjAVrx6Pbmd9+ZMZyrR5gnLJIkoHiCacEnBRe4+4AnCvxea9c8av+HPgvCXJSQTkavfJnt69pJpkCKoi1YeCnEE2IAU4Fm5a6mWUpoSMyYKGjikhmo8n85Ck+cUofJ9q4UoDn6s+JCZHWjmXsOiWBoV32ZuJ/XphBchVNuEozYIouFiWZwKDx7H/c54ZREGNHCDXc3YrpkBhCwaVUciEEyy//Ja2zalCrXtzXKvWbPI4iOkLH6BQF6BLV0R1qoCaiSKMn9IJePfCevTfvfdFa8PKZQ/QL3sc3PoKQlg==</latexit>

Review: van Kolck, Front. In Phys. 8 (2020)

Exclusive pion production and scattering 
processes must be modeled in event 
generators

Accurate benchmarks from experiment + LQC D are essential for validating 
nuclear models without controlled power counting

See talks by A. Nicholson and E. Mereghetti
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Finite-volume physics
Pion production and scattering are dynamical processes that can not be 

determined from infinite-volume Euclidean observables

Solution — exploit the finite volume used in simulations

Infinite-volume bound state

[E(L)� E(1)] / e��L

�L
<latexit sha1_base64="eP0UcBGDN6LZ1lT+XcBB4diKNEU="></latexit>

[E(L)� E(1)] / a

ML3
<latexit sha1_base64="wjIZ2hu2OQhKPcJWew8593MVzHQ=">AAACE3icbVDLSgMxFM3UV62vqks3wSK0gmXGCrosSsFFhQr2ATNjyaSZNjSTGZKMMAz9Bzf+ihsXirh1486/MX0stPVA4HDOvdyc40WMSmWa30ZmaXlldS27ntvY3Nreye/utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6TtDa/GfvuBCElDfqeSiLgB6nPqU4yUlrr5Y7tWrJfgCawVHcp9lZRc6EQijFQIHV8gnKJRegPr95VRN18wy+YEcJFYM1IAMzS6+S+nF+I4IFxhhqS0LTNSboqEopiRUc6JJYkQHqI+sTXlKCDSTSeZRvBIKz3oh0I/ruBE/b2RokDKJPD0ZIDUQM57Y/E/z46Vf+GmlEexIhxPD/kxgzrwuCDYo4JgxRJNEBZU/xXiAdJNKF1jTpdgzUdeJK3TslUpm7dnherlrI4sOACHoAgscA6q4Bo0QBNg8AiewSt4M56MF+Pd+JiOZozZzj74A+PzB828nEc=</latexit>

Infinite-volume scattering state

Lüscher, Commun. Math. Phys. 105 (1986)
Huang, Yang, Phys. Rev. 105 (1957)

…

Review: Briceño, Dudek, Young, Rev. Mod. Phys. 90 (2018)

Extensions to finite-volume resonant form factors: Baroni, Briceño, Hansen, Ortega-Gama, 
PRD 100 (2018)



10

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

Shallow inelastic region

Pionless EFT:

Correlated interactions of nucleon pairs are important at higher energies

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>

Rocco et al PRC 99 (2019)

Similar two-body current operators arise in 
chiral EFT and other nuclear many-body 
formalisms

Benchmarks of two-body current effects will 
be essential for constraining and 
validating phenomenological nuclear 
models using spectral functions etc.
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Constraining two-body currents

⌫e

⌫e

⌫e

Andreev et al (MuSun) arXiv 1004.1754

ℳpp→np(3S1) = gA(1 + S) − L1A

iCpp→np(3S1) = +

Short-distance QCD 
physics

L1A = 3.9(0.2)(1.0)(0.4)(0.9) fm3
<latexit sha1_base64="xF0ylDfA50C9XjxON60EfhxgYJc=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyqYI8FLx4r2A9o15JNs21okl2T2WJZ9nd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QSy4Adf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEU9akkYh0JyCGCa5YEzgI1ok1IzIQrB2Mb2Z+e8K04ZG6h2nMfEmGioecErCS3wP2BGkos4f0MuuXK27VnQOvEi8nFZSj0S9/9QYRTSRTQAUxpuu5Mfgp0cCpYFmplxgWEzomQ9a1VBHJjJ/Oj87wmVUGOIy0LQV4rv6eSIk0ZioD2ykJjMyyNxP/87oJhDU/5SpOgCm6WBQmAkOEZwngAdeMgphaQqjm9lZMR0QTCjankg3BW355lbQuqt5l1b27qtRreRxFdIJO0Tny0DWqo1vUQE1E0SN6Rq/ozZk4L86787FoLTj5zDH6A+fzB1BOkmk=</latexit>

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

Used for LQCD determination of          and constraints on proton-proton fusion

Savage 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>
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Two-body current effects

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 Nuclear modifications of u and d 
quark axial couplings O(1%) 
for A=2-3 nuclei, m⇡ ⇠ 806 MeV

<latexit sha1_base64="5vrups7WQmo52iX3VVcaFP9LAfs=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHZVNMegFy9CBPOAbAizk04yZGZ3mekVwxLw4q948aCIV3/Cm3/j5HHQxIKGoqqb7q4glsKg6347C4tLyyurmbXs+sbm1nZuZ7dqokRzqPBIRroeMANShFBBgRLqsQamAgm1oH818mv3oI2IwjscxNBUrBuKjuAMrdTK7auWHwvqG6Fo0T33qY/wgOkNVIetXN4tuGPQeeJNSZ5MUW7lvvx2xBMFIXLJjGl4bozNlGkUXMIw6ycGYsb7rAsNS0OmwDTT8Q9DemSVNu1E2laIdKz+nkiZMmagAtupGPbMrDcS//MaCXaKzVSEcYIQ8smiTiIpRnQUCG0LDRzlwBLGtbC3Ut5jmnG0sWVtCN7sy/OkelLwTgvu7Vm+dDmNI0MOyCE5Jh65ICVyTcqkQjh5JM/klbw5T86L8+58TFoXnOnMHvkD5/MHjL6W0g==</latexit>

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

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

QCD effects reduce axial charge of   H 
by 4.89(13)% in nature

Baroni et al, PRC 94 (2016)

A=30-50 nuclei have O(30%) smaller 
axial couplings than predicted by shell 
model with single-particle couplings 

Multi-nucleon correlations and 
currents needed to 
reproduce    -decay results 
from experiment

Gysbers et al, Nature Phys. 15 (2019)

3

�
<latexit sha1_base64="2RzZv1pXnlA68eKJA5UT8XLSt74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUsMeCF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w850kG15tbdBcg68QpSgwKtQfWrP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkwipDEiXalkKyUH9P5DQ2ZhqHtjOmODar3lz8z+tlGDWCXKg0Q67YclGUSYIJmX9OhkJzhnJqCWVa2FsJG1NNGdp8KjYEb/XlddK+qnvXdffhptZsFHGU4QzO4RI8uIUm3EMLfGAg4Ble4c1Rzovz7nwsW0tOMXMKf+B8/gDBfo6c</latexit>
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Deep inelastic regime
At very high energies, cross-sections 

factorize into convolutions of 
perturbative quark-and-gluon-level 
amplitudes and nonperturbative PDFs

Including perturbative QCD effects in 
event generators essential

Nonperturbative QCD effects 
determine the PDFs themselves

Some aspects of PDFs are 
experimentally well-known, but 
others (e.g. flavor dependence, 
nuclear effects) are not

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

DUNE

Nuclear effects on PDFs 
(EMC effect)

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

Adapted from Formaggio, Zeller, Rev. Mod. Phys. 84 (2012)
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

QCD constraints on PDFs
Matrix elements of local operators 

determine momentum fractions 
carried by each quark flavor 
and gluons

hxi(h)q pµp⌫ = hh| q�{µ
 !
D ⌫}q |hi

<latexit sha1_base64="bnmnCEgNr64VwUAOprSxGA6QN/U="></latexit>

Full x dependence of PDFs 
accessible by factorizing non-
local Euclidean matrix elements 
into perturbative hard parts and 
PDFs

Review of large momentum effective theory: 

Ji, Liu, Liu, Zhang, Zhao, arXiv:2004.03543
Alexandrou et al [ETMC], PRL (2018)
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Quarks in nuclei from QCD
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1.04 Matrix elements of same 
operators in nuclear states 
determine momentum fractions 
of quarks and gluons in nuclei

Flavor dependence of nuclear PDFs is 
poorly known experimentally, first 
LQCD + EFT results already provide 
non-trivial constraints on nuclear PDFs 

N†⌧3N + ↵3,nN
†⌧3NN†N + . . .

<latexit sha1_base64="bp4VI3VQ4kAKkAXPF/GOxnxu+dQ=">AAACMnicbVDLSgMxFM34rPVVdekmWARBKTM+0KXoRjdFwbZCp5Y7mbQNZjJDckcoQ7/JjV8iuNCFIm79CNNaUFsPBA7nnMvNPUEihUHXfXYmJqemZ2Zzc/n5hcWl5cLKatXEqWa8wmIZ6+sADJdC8QoKlPw60RyiQPJacHva92t3XBsRqyvsJrwRQVuJlmCAVmoWzss3fgjtNtfUR0hv9miZblMfZNKBZra3o3r0n8SPNEjLMEbTLBTdkjsAHSfekBTJEBfNwqMfxiyNuEImwZi65ybYyECjYJL38n5qeALsFtq8bqmCiJtGNji5RzetEtJWrO1TSAfq74kMImO6UWCTEWDHjHp98T+vnmLrqJEJlaTIFfte1EolxZj2+6Oh0Jyh7FoCTAv7V8o6oIGhbTlvS/BGTx4n1d2St186uNwvHp8M68iRdbJBtohHDskxOSMXpEIYuSdP5JW8OQ/Oi/PufHxHJ5zhzBr5A+fzC5+hp/k=</latexit>

Results used to constrain EFT, 
extrapolate to physical results

Detmold et al [NPLQCD], arXiv:2009.05522

Detmold et al [NPLQCD], arXiv:2009.05522

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



Conclusions

Challenging but possible through lattice QCD + nuclear many body methods

Nucleon form factors 
Pion 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

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

Event generators 
Nuclear EFTs 
Spectral functions 
Nuclear PDFs 


