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Quarks, gluons, and nuclei
At low energies, nuclei “look like” collections of protons and neutrons

Malace et al, Int. J. Mod. Phys. E 23 (2014)
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At high energies, nuclei “look like” collections of quarks and gluons

— Low-energy EFTs with nucleon degrees of freedom make accurate predictions

— Perturbative QCD makes accurate predictions for high-energy physics

— Lattice QCD can provide accurate 
nonperturabtive predictions

Medium-energy interactions, as well as EFT input 
parameters and quark and gluon structure 
functions, contain rich nonperturbative physics
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New physics and nuclei
Nuclei are useful experimental targets, cross-

sections often grow with baryon number

Xenon1T constraint on dark matter-nucleus

Converting between nuclear- and 
nucleon-level cross-sections requires

• Nuclear models (uncertainty quantification?)  

• Direct LQCD calculations (impractical) 

• LQCD informed EFT + modeling

Many low-energy searches for fundamental symmetry violation require nuclear matrix 
elements to relate experimental observables to new physics theory parameters 

DUNE

Standard Model predictions with controlled uncertainties essential for next-generation 
accelerator neutrino experiments aiming for few-percent systematic uncertainties
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Weinberg, PRL 43 (1979)

Neutrino masses
Experimentally observed neutrino oscillations require neutrinos to be massive  

Solar, atmospheric, reactor, and accelerator neutrino experiments have constrained 
the 3 mixing angles in the PMNS matrix with few-percent precision

Neutrino masses require physics beyond the Standard Model: right-handed 
sterile neutrinos and/or lepton-number-violating Majorana neutrino masses
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      -violating phase is more poorly constrained

SNO Daya Bay Super K (K2K/T2K)
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Lepton number violation
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If lepton number is not conserved, then matter-antimatter 
asymmetry could be generated through leptogenesis 

0⌫��
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Gando et al (KamLAND-Zen) PRL 117 (2016)

Using these results to constrain neutrino 
mass and mixing parameters requires 
nuclear matrix elements
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Phase space Nuclear matrix 
element

Neutrino masses 
and mixing

Challenging to calculate from first principles, 
but significant recent theory progress

Experiments directly measure half-lives  
of specific nuclei (              )A � 48
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Fukugita, Yanagida, Phys. Lett. B 174 (1986)

Low-energy signature of lepton-number violation: 



Neutrino        violation
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τnn ≳ 1.8 × 108

τnn

CP
Next-generation neutrino experiments DUNE and Hyper-Kamiokande 

aim to precisely measure neutrino         violation, mass hierarchy, …

Relating measured final-state event rates to incoming neutrino energy 
distribution requires theory input on         cross-section   

Abi et al (DUNE), arXiv 1807.10334

DUNE aims to have few-percent theory uncertainty  

— estimates show going from 2% to 3% theory uncertainty means 50% longer 
runtime to measure         violation at a given precisionCP
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Cross-section

Experimentally measured 
event rates

Near-detector neutrino flux

Far-detector flux (depends on 
oscillation parameters)

CP
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τnn

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

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

• Quasi-elastic 

• Resonance production 

• Transition region 

• Deep inelastic scattering

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

Neutrino-nucleus scattering

Nuclear models exist that can describe most of these regions, but precision x-sec 
predictions require precise knowledge of few-nucleon input parameters

Nucleon form factors transition form factors
N, ⇡, �
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Two-body currents
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Lattice QCD, EFT, and νA
LQCD can provide results for few-nucleon quantities that inform nuclear 

effective theories and are complementary to experiment

LQCD Nuclear EFT and 
many-body Event generators

See  USQCD         white paper: Kronfeld et al Eur. Phys. J. A 55 (2019)⌫A
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Easy for LQCD:

• Axial vs vector currents

Hard for LQCD:

• Isovector vs isoscalar

• Pions

• Large baryon number

• Real-time dynamics

• (Light quark masses)

• Multi-hadron states
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Generic 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)
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νA

Quark fields integrated 
analytically, “just” need to 
solve for propagators

Monte Carlo sample 
gluon fields with 
probability / e�Seff
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LQCD and nuclear matrix elements

Nuclear matrix elements determined from 3-point correlation functions including a 
local operator insertion

LQCD spectrum determined from 2-point correlation functions

=
X

n

|Zn|2e�Ent
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Nucleon form factors
Vector and axial form factors recently calculated using nearly physical quark masses:

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

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

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

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

11Park et al [NME], arXiv:2103.05599
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Nπ
Recent calculations in I = 3/2 channel 

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

N⇡

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

�

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

Silvi et al, PRD 23 (2021)

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

N⇡

<latexit sha1_base64="0iqm9dLvJxRRbgUSUCldH6SfGcI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF09SwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPtBzIbVmlt3c6BV4hWkBgVaw+rXYBSRRFBpCMda9z03Nn6KlWGE03llkGgaYzLFY9q3VGJBtZ/mt87RmVVGKIyULWlQrv6eSLHQeiYC2ymwmehlLxP/8/qJCa/9lMk4MVSSxaIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7EheMsvr5LORd1r1C8fGrXmTRFHGU7gFM7Bgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A7l+OLQ==</latexit>
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Axial currents in nuclei

Gysbers et al, Nature Phys. 15 (2019) Pastore et al, PRC 97 (2018)

Axial-current responses of nucleons are modified in nuclei

Modern calculations including multi-nucleon 
correlations and currents with e.g. chiral 
EFT can reproduce experiment without 
“quenching” 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>

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>Few-nucleon LQCD results can constrain two-body 
currents in nuclear models and EFTs

Pionless EFT
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Proton-proton fusion
Axial current transition matrix element between spin-

singlet and spin-triplet          systems computed 
using fixed-order background fields 

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

LQCD results matched to pionless EFT by computing 
same background-field correlation function

Results used to constrain LEC for two-body axial 
current operator in pionless EFT 

Same operator relevant for proton-proton fusion and other reactions, future LQCD 
calculations could improve phenomenological predictions

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>

np

<latexit sha1_base64="/gSgtIgpEGORySw96GUeittDPSo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0IJN+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NIpObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsbTLgCpkRE0soU9zeStiIKsqMDadkQ/CWX14lrYuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AajKjXQ=</latexit>
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Axial matrix elements     

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

Flavor decomposition of 
axial matrix elements of 
up to 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>

�R(u+d+s)
X

2S3
<latexit sha1_base64="DwLFZkpMEnTOhgAkl8WmcQA/62g=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiVQklawS4LunBZH31AE8NkMmmHTh7MTIQSsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxowKaRjf2tLyyuraemGjuLm1vbOr7+13RJRwTNo4YhHvuUgQRkPSllQy0os5QYHLSNcdXUz87gPhgkbhnRzHxA7QIKQ+xUgqydGPLJ8jnFqXhEkEb5zefVpOKl5FnGZZWrt16pmjl4yqMQVcJGZOSiBHy9G/LC/CSUBCiRkSom8asbRTxCXFjGRFKxEkRniEBqSvaIgCIux0+koGT5TiQT/iqkIJp+rviRQFQowDV3UGSA7FvDcR//P6ifQbdkrDOJEkxLNFfsKgjOAkF+hRTrBkY0UQ5lTdCvEQqWykSq+oQjDnX14knVrVrFeN67NSs5HHUQCH4BiUgQnOQRNcgRZoAwwewTN4BW/ak/aivWsfs9YlLZ85AH+gff4AyyOZpA==</latexit>

�R(u+d�2s)
X

2S3
<latexit sha1_base64="5RjdHp18SlGVST+HGGyonWllb2I=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUvSCnZZ0IXL+ugDmhgmk0k7dPJgZiKUkL0bf8WNC0Xc+gPu/BunbRZaPXDhcM693HuPGzMqpGF8aYWl5ZXVteJ6aWNza3tH393riijhmHRwxCLed5EgjIakI6lkpB9zggKXkZ47Pp/6vXvCBY3CWzmJiR2gYUh9ipFUkqOXLZ8jnFoXhEkEr53+XVpNjr2TujjKsrR+4zQyR68YNWMG+JeYOamAHG1H/7S8CCcBCSVmSIiBacTSThGXFDOSlaxEkBjhMRqSgaIhCoiw09kvGTxUigf9iKsKJZypPydSFAgxCVzVGSA5EoveVPzPGyTSb9opDeNEkhDPF/kJgzKC02CgRznBkk0UQZhTdSvEI6TCkSq+kgrBXHz5L+nWa2ajZlydVlrNPI4iOABlUAUmOAMtcAnaoAMweABP4AW8ao/as/amvc9bC1o+sw9+Qfv4BklhmeI=</latexit>

Deuteron Dineutron Triton

-0.02

-0.01

0.00

0.01

0.02

�R(u�d)
X

4S3T3
<latexit sha1_base64="KGB5CjklKZcI87QIzwHDNvgTMu0=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqwpLYgl0WdOGyal/QxDCZTNqhkwczE6GE7N34K25cKOLWH3Dn3zhts9DWAxcO59zLvfe4MaNCGsa3trK6tr6xWdgqbu/s7u3rB4ddESUckw6OWMT7LhKE0ZB0JJWM9GNOUOAy0nPHl1O/90C4oFHYlpOY2AEahtSnGEklOXrJ8jnCqXVFmETw1unfp5XkzDvNsrR+59TaTi1z9LJRNWaAy8TMSRnkaDn6l+VFOAlIKDFDQgxMI5Z2irikmJGsaCWCxAiP0ZAMFA1RQISdzn7J4IlSPOhHXFUo4Uz9PZGiQIhJ4KrOAMmRWPSm4n/eIJF+w05pGCeShHi+yE8YlBGcBgM9ygmWbKIIwpyqWyEeIRWOVPEVVQjm4svLpHteNWtV46ZebjbyOArgGJRABZjgAjTBNWiBDsDgETyDV/CmPWkv2rv2MW9d0fKZI/AH2ucPcAeZ+g==</latexit>

Fractional differences from naive shell 
model expectations show that multi-
nucleon correlations lead to percent-
level effects on axial charges of light 
nuclei for these quark masses

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

⌫
<latexit sha1_base64="6wLGnCIKaHaBvdzOV+2L+VvEUAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1busuve1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1+Njdk=</latexit>

e�
<latexit sha1_base64="9CYQjP3HhK2fGrrANqYA/ZPH9+I=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQq6LHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindece8uytXrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHnxI2K</latexit>

Computed in ChEFT Baroni et al, PRC 98 (2018)

NLO calculations in pionless EFT relate nuclear effects to the two-body axial current 
coupling        appearing in proton-proton fusion 

De-Leon, Platter, Gazit (2016)

L1A

Triton      - decay rate governed by Gamow-Teller 
matrix element

|
⌦
3
He|A+

3 |3H
↵
|

gA
= 0.951(13)

<latexit sha1_base64="oFgKaTEkxpuew3wI/6L3kB4IAwQ="></latexit>

gA(
3
H) = |

⌦
3
He|A+

3 |3H
↵
| = |

⌦
3
H|A+

3 |3H
↵
|

<latexit sha1_base64="s+ExIEdMhgMMIlQS+KTDD/xRkHE="></latexit>

After fitting LECs to experimental triton     -decay rate predictsβ

Deviations from 1 arise from two-body currents and multi-nucleon interactions

�

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



Triton      decay from LQCDβ

Several systematic uncertainties remain, 
but encouraging agreement with 
experiment seen 

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

LQCD calculations of triton recently 
performed using m⇡ = 450 MeV

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

Signal-to-noise problem makes 
calculations exponentially noisier at 
lighter quark masses

Axial current matrix element 
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PDFs and LQCD

18Bringewatt et al [JAM], arXiv:2010.00548

Current LQCD results can improve 
global analyses of isovector 
polarized PDFs

Large momentum effective theory 
connects Euclidean matrix elements to 
light-cone PDFs

Review: Ji et al, Rev. Mod. Phys. 93 (2021) 

LQCD can also compute quantities relevant to high-energy scattering

             and                calculated by 
several groups
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Nuclear momentum fractions
First calculations of gluon and isovector quark momentum fractions of light nuclei

Although systematic uncertainties are not fully controlled (one lattice spacing, volume, 
quark mass, …) demonstrates potential for LQCD to usefully constrain nuclear PDFs

Detmold, MW et al [NPLQCD] PRL 126 (2021)

Results matched to poinless EFT to determine two-body current operator that 
governs isovector EMC effects relevant to neutrino DIS
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Winter, MW et al [NPLQCD], PRD 96 (2017)

Cloët, Bentz, Thomas, PRL 102 (2009)



Detmold and Murphy, arXiv:2004.07404 

Nuclear matrix elements for               calculated similarly with background fields

Beyond-Standard-Model Interactions
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Short distance

Long distance

Scalar current nuclear matrix elements 
relevant to dark matter direct detection

Tensor current nuclear matrix elements 
relevant to nuclear electric dipole moments

Other nuclear matrix elements of BSM 
currents computed with m⇡ ⇡ 806 MeV
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Systematic uncertainties
Several systematic uncertainties remain to be quantified in detail

• Heavier than physical quark masses only 

• One lattice spacing 

• Excited-state effects
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• Heavier than physical quark masses only 

• One lattice spacing 

• Excited-state effects

Systematic uncertainties
Several systematic uncertainties remain to be quantified in detail

Gap between ground and two-nucleon finite-volume “scattering” states becomes 
small for large volumes, ground-state dominance relies on overlap factors
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For non-positive-definite correlation functions, cancellations between the ground and 
excited-state could in principle conspire to form a “false plateau”

First studies using positive-definite correlation functions (enabled by distillation / 
stochastic LapH) give results that suggest tensions with previous studies

Hörz et al, PRC 103 (2021)Francis et al, PRD 99 (2019) Green et al, PRL 127 (2021)

See e.g. Iritani et al, JHEP 10 (2016)
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The variational method
Correlation-function matrices for an interpolator set including both local “hexaquark” 

and bilocal “dibaryon” operators can generalize calculations performed to date

Although application of variational methods to multi-nucleon systems has long been 
advocated, it has only recently become computationally feasible through methods 
such as distillation and propagator sparsening

Li et al, PRD 103 (2021)

Peardon et al PRD 80 (2009)

Morningstar et al PRD 83 (2011)

Detmold, MW, PRD 104 (2021)

Variational bounds on energy spectrum obtained by diagonalizing these matrices

All LQCD nuclear 
matrix element 
calculations

23



Hexaquark operators
Known from          scattering studies near the      resonance that local and nonlocal 

operators can be nearly orthogonal

Analog of                     operators - local (up to Gaussian smearing) “hexaquark”

Quark exchange symmetries very useful for reducing the number of weights

⇡(~p1)⇡(~p2)
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Wilson et al, PRD 92 (2015)
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Detmold and Orginos, PRD 87 (2013)
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Dibaryon operators
Non-interacting two-baryon FV energy eigenstates involve color singlet baryons

 [D]
m (~x1, ~x2) = ei

~km·(~x1�~x2)
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~km =
2⇡~nm

L
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Quark propagator sparsening leads to incomplete Fourier projection and mixing with 
higher modes, but these are negligible compared to other excited states 
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With plane-wave product wave functions

Amarasinghe, MW et al, arXiv:2108.10835 



Quasi-local operators
What about loosely bound systems like the deuteron?

Finite-volume EFT wavefunction:

Doesn’t factorize into product of single-baryon wavefunctions, no baryon blocks…

Factorizable approximation:

See e.g. Koning, Lee, and Hammer, Annals Phys. 327, 1450 (2012)  
 Briceño, Davoudi, Lee and Savage, PRD 88 (2013)

X

~n2Z3

e�|~x1�~x2+n~L|
✓

A
|~x1 � ~x2 + ~nL| + . . .

◆

<latexit sha1_base64="9CP4A33QZTSHChw98ffHBln8J1g="></latexit>

 [D]
m (~x1, ~x2) =

X

⌧2TS

e�m|⌧(~x1)�~R|e�m|⌧(~x2)�~R|
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Two nucleons in a box
Diagonalization of correlation-function 

matrices can be used to remove 
excited-state contamination from 
states strongly overlapping with other 
operators 

Each energy level dominantly overlaps 
with one operator structure, sub-
dominant operators collectively 30%

27Amarasinghe, MW et al, arXiv:2108.10835 



Building a deuteron
Spin-orbit coupling leads to the appearance of many different “orbital angular 

momentum” wavefunctions transforming in the same cubic group irrep

Different dibaryon and 
hexaquark 
interpolating operator 
structures are again 
approximately 
orthogonal

28

Interpolating operator sets 
including quasi-local 
alongside dibaryon 
operators are 
degenerate in both 
channels (at current 
statistical precision)

Amarasinghe, MW et al, arXiv:2108.10835 



Deuteron variational energy levels

Mostly hexaquark

Cubic analog of S-wave Cubic analog of D-wave, G-wave, …

Amarasinghe, MW et al, arXiv:2108.10835 29



Interpolating-operator dependence
Removing the operator structure with 

maximum overlap on to a given 
energy level leads to “missing energy 
levels” 

Even with 10s of interpolating operators, 
possible to “miss” ground-state 

— valid lower bound on ground-state 
energy, but best-fit results can differ 
by 5+ �
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Consistent with various dibaryon and 
hexaquark operators being 
approximately orthogonal 

Much larger (                              )   
source/sink separations would be 
needed to resolve spectrum using 
interpolating-operator set missing 
dominant operators

t & 1/� ⇠ 5 fm
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Missing state toy model
Toy model: 3 state system, 2 interpolating operators

Correlation-function matrix

Z(A)
n = (✏,

p
1� ✏2, 0)
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• Both operators have small overlap       with ground state 

• Both have           overlap with the state that the other has maximum overlap with
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Spectrum E(AB)
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Eigenvalues:
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Variational predictions
Dibaryon-dibaryon, [D, D], correlation 

functions ~ 95% ground-state 
contribution in reconstruction using 
same operator set

Reconstructions of [D, H] correlation 
functions using spectrum from 
variational methods can reproduce 
LQCD results

Variational method results provide 
model of spectrum in which [D, H] 
correlation functions approach 
ground-state from below

32Amarasinghe, MW et al, arXiv:2108.10835 



Variational energy spectrum
For a given interpolating-operator set, two-nucleon finite-volume energy spectrum can 

be extracted in various cubic irreps associated with S-wave, D-wave, and higher-
partial-wave interactions

33Amarasinghe, MW et al, arXiv:2108.10835 



Variational phase shift results
Finite-volume spectrum can be mapped to S-wave, P-wave and higher-partial-wave 

scattering phase shifts using generalizations of Lüscher’s quantization condition

34Amarasinghe, MW et al, arXiv:2108.10835 



        phase shift comparisons

S-wave phase shift results using variational methods and symmetric dibaryon 
correlation functions consistent among several groups

Further variational studies are needed to conclusively determine whether two-
nucleon systems bind with heavier-than-physical quark masses

35Amarasinghe, MW et al, arXiv:2108.10835 

Discrepancies with previous results using dibaryon-hexaquark correlation functions 
on the same gauge-field ensemble from multiple groups

NN



Outlook
LQCD calculations of nuclear matrix elements 

can constrain EFTs and nuclear models 
relevant for neutrino-nucleus scattering, 
double-beta decay, and other new physics 
searches 

Low-energy excited states lead to significant and hard-to-quantify systematic 
uncertainties in multi-nucleon correlation functions

Interpolating-operator dependence leads to significant effects on the two-nucleon 

36

Future variational studies exploring the 
Hilbert space possibly associated with a 
bound state are required to conclusively 
determine with two-nucleon systems bind 
with heavier than physical quark masses


