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Observations of neutrino oscillations demonstrate that neutrinos have mass, but the 
fundamental interactions giving rise to neutrino masses are not well understood

Mass ordering?

Dirac or Majorana?CP violation?

Sterile neutrinos?

See talks by Pedro Machado later today; Alexander Friedland, Mu Chun Chen, Zahra Tabrizi tomorrow

Next-generation accelerator neutrino experiments aim to measure mass and mixing 
parameters governing oscillations to unprecedented accuracy

Neutrinos, quarks, and new physics

DUNE
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Precision neutrino physics
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Comparisons of near + far detector neutrino fluxes can be used to precisely determine 
oscillation parameters, discover neutrino CP violation, …

Relating measured final-state event rates to incoming neutrino flux 
requires precise knowledge of         cross-section   ⌫A
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Cross-section

Experimentally measured 
event rates

Near-detector neutrino flux

Far-detector flux (depends on 
oscillation parameters)

Acciarri et al (DUNE) arXiv 1512.06148

DUNE aims to have few-percent cross-section uncertainty 

• 2% vs 3% cross-section uncertainty estimated to change 
exposure required to discover CP violation by 50%

2% 3%
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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, EFT, and νA
LQCD can provide results for few-nucleon observables that can be matched 

to nuclear EFTs and models that can make predictions for larger nuclei

LQCD Nuclear EFT and 
many-body Event generators

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

Results provided by LQCD and experiment are complementary
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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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i=1

O(Ui)
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⌫A
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A†
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f
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νA

Quark fields integrated out 
analytically, propagators 
obtained with matrix inversion

Monte Carlo sample 
gluon fields with 
probability
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M⌫A!`f / (u`�µ�5u⌫) hf | q�µ�5q |Ai+ . . .

109 ⇥ 109
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(Dirac matrix size ~ )
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7

Nucleon form factors

⇡
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Single-nucleon currents dominate at low energies where nucleons are effective degrees 
of freedom for nuclei, multi-nucleon currents provide corrections

Electron scattering experiments can precisely measure vector form factors, which 
provides important validation

hN(p0)|Aµ(q)|N(p)i = u(p0)

"
GA(Q

2)�µ�5 +
eGP (Q2)

2MN
qµ�5

#
u(p)
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Corrections to impulse approximation can be included systematically
See e.g. Khachatryan et al. [CLAS and e4v] Nature 599 (2021)

Impulse approximation Benhar, Day, Sick, Rev. Mod. Phys. 80 (2008)

Review: Rocco, Front. Phys. 29 (2020)

Nucleon vector and axial form factors are key inputs to nuclear EFTs / models

https://inspirehep.net/authors/1976522


Careful treatment of     
excited states required 
to reproduce 
consequences of axial 
ward identities that 
assume ground-state 
dominance

Form factors and LQCD
Vector and axial form factors recently calculated using nearly physical quark masses:

N⇡
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8Park et al [NME], arXiv:2103.05599
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LQCD nucleon electric and magnetic form factor results agree with phenomenological 
parameterizations after accounting for excited-state and discretization effects

Park et al [NME], arXiv:2103.05599



Recent axial form factor calculations include physical quark masses, continuum / infinite-
volume extrapolations, and excited-state fits that account explicitly for           states
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Axial form factors
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N⇡
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Differences between LQCD and experimental axial form factor determinations could arise 
from challenging LQCD systematic uncertainties (excited states, lattice spacing, …) 

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)
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Axial currents in nuclei
Gysbers et al, Nature Phys. 15 (2019)

QCD interactions make nuclei differ from 
collections of nucleons

Modern nuclear theory calculations including 
multi-nucleon correlations and currents 
with e.g. chiral EFT can reproduce 
experiment without “quenching” gA
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Few-nucleon LQCD results can constrain 
two-body currents in nuclear models 
and EFTs

gA
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Pionless EFT Rocco, Nakamura, Lee, Lovato, PRC 100 (2019)

Percent-level accuracy for neutrino-
nucleus cross sections will 
require more precise two-body 
current inputs
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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)

Several systematic uncertainties remain, 
but encouraging agreement with 
experiment seen 

Axial current matrix element 
calculations with                       
permit preliminary extrapolation of 
triton axial charge to physical point

m⇡ = 450 MeV

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

Matching to finite-volume pionless EFT 
used to constrain L1A

<latexit sha1_base64="7JTOXww6OxQg6mPprkmtEsz3QuA=">AAAB7XicbVA9SwNBEJ2LXzF+nVraLAbBKtxJRMuojYVFBPMByRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKllqghtEMmlaodYU84EbRhmOG0niuI45LQVjm6mfuuJKs2keDDjhAYxHggWMYKNlZp3vcy/mvTcslfxZkDLxM9JGXLUe+5Xty9JGlNhCMdad3wvMUGGlWGE00mpm2qaYDLCA9qxVOCY6iCbXTtBJ1bpo0gqW8Kgmfp7IsOx1uM4tJ0xNkO96E3F/7xOaqLLIGMiSQ0VZL4oSjkyEk1fR32mKDF8bAkmitlbERlihYmxAZVsCP7iy8ukeVbxq5Xz+2q5dp3HUYQjOIZT8OECanALdWgAgUd4hld4c6Tz4rw7H/PWgpPPHMIfOJ8/GJWO0w==</latexit>

Detmold and Shanahan, PRD 103 (2021)



Variational methods

First calculations of plane-wave nucleon-nucleon (upper left) correlation functions 
and symmetric correlation-function matrices indicate that excited-state effects 
lead to large systematic uncertainties on calculated energy levels

Excited-state effects from unbound multi-nucleon scattering states are not effectively 
suppressed in computationally accessible Euclidean correlation functions

LQCD nuclear 
matrix element 
calculations    
so far

12
Hörz et al, PRC 103 (2021)

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

Amarasinghe, MW et al, arXiv:2108.10835
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Variational methods for Nπ
Analogous variational methods can be applied to study           systems

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

N⇡

Same calculation can be used to explicitly remove excited-state contamination from 
elastic nucleon form factors and access pion-production amplitudes

            transition form factors can be calculated if I=1/2 and I=3/2 operators includedN ! �

<latexit sha1_base64="jcYpsMTCnUCwAz+RFCIfOeeqVCg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIxR4LevAkFewHNKFstpt26SYbdidKKPWvePGgiFd/iDf/jds2B219MPB4b4aZeUEiuAbH+bYKa+sbm1vF7dLO7t7+gX141NYyVZS1qBRSdQOimeAxawEHwbqJYiQKBOsE46uZ33lgSnMZ30OWMD8iw5iHnBIwUt8u33qKD0dAlJKP2LtmAkjfrjhVZw68StycVFCOZt/+8gaSphGLgQqidc91EvAnRAGngk1LXqpZQuiYDFnP0JhETPuT+fFTfGqUAQ6lMhUDnqu/JyYk0jqLAtMZERjpZW8m/uf1Ugjr/oTHSQospotFYSowSDxLAg+4YhREZgihiptbMR0RRSiYvEomBHf55VXSPq+6terFXa3SqOdxFNExOkFnyEWXqIFuUBO1EEUZekav6M16sl6sd+tj0Vqw8pky+gPr8wenupTA</latexit>
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Barca, Bali, and Collins, 
arXiv:2110.11908 [hep-lat]

          systems in LQCD Nπ

Silvi et al, PRD 23 (2021)

The I=J=3/2 sector has been explored using 
variational calculations including both 
localized             and        operators<latexit sha1_base64="p1uK4znEbEq6VZzSPDs9/5G5BnQ=">AAAB+HicbVBNSwMxEM36WetHVz16CRbBU9mVoh4LevBYwX5AdynZNNuGJtltMivU0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRangBjzv21lb39jc2i7sFHf39g9K7uFR0ySZpqxBE5HodkQME1yxBnAQrJ1qRmQkWCsa3sz81iPThifqAcYpCyXpKx5zSsBKXbcU3DIBBAeGSzwajbpu2at4c+BV4uekjHLUu+5X0EtoJpkCKogxHd9LIZwQDZwKNi0GmWEpoUPSZx1LFZHMhJP54VN8ZpUejhNtSwGeq78nJkQaM5aR7ZQEBmbZm4n/eZ0M4utwwlWaAVN0sSjOBIYEz1LAPa4ZBTG2hFDN7a2YDogmFGxWRRuCv/zyKmleVPzLSvW+Wq5V8zgK6ASdonPkoytUQ3eojhqIogw9o1f05jw5L86787FoXXPymWP0B87nDyUIkro=</latexit>

� ⇠ qqq
<latexit sha1_base64="6f0SiL8eb+AAEZnqasGK8smRIT4=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxZNEMA9IljA7mU2GzGOZmRXCkl/w4kERr/6QN//G2WQPmljQUFR1090VJZwZ6/vf3tr6xubWdmmnvLu3f3BYOTpuG5VqQltEcaW7ETaUM0lblllOu4mmWEScdqLJbe53nqg2TMlHO01oKPBIspgRbHPpvp+wQaXq1/w50CoJClKFAs1B5as/VCQVVFrCsTG9wE9smGFtGeF0Vu6nhiaYTPCI9hyVWFATZvNbZ+jcKUMUK+1KWjRXf09kWBgzFZHrFNiOzbKXi/95vdTGN2HGZJJaKsliUZxyZBXKH0dDpimxfOoIJpq5WxEZY42JdfGUXQjB8surpH1ZC65q9Yd6tVEv4ijBKZzBBQRwDQ24gya0gMAYnuEV3jzhvXjv3seidc0rZk7gD7zPH+p/jiA=</latexit>

N⇡

Finite-volume energy spectra are mapped 
through generalizations of Lüscher’s 
quantization condition to constraints on P-
wave          scattering phase shifts<latexit sha1_base64="6f0SiL8eb+AAEZnqasGK8smRIT4=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxZNEMA9IljA7mU2GzGOZmRXCkl/w4kERr/6QN//G2WQPmljQUFR1090VJZwZ6/vf3tr6xubWdmmnvLu3f3BYOTpuG5VqQltEcaW7ETaUM0lblllOu4mmWEScdqLJbe53nqg2TMlHO01oKPBIspgRbHPpvp+wQaXq1/w50CoJClKFAs1B5as/VCQVVFrCsTG9wE9smGFtGeF0Vu6nhiaYTPCI9hyVWFATZvNbZ+jcKUMUK+1KWjRXf09kWBgzFZHrFNiOzbKXi/95vdTGN2HGZJJaKsliUZxyZBXKH0dDpimxfOoIJpq5WxEZY42JdfGUXQjB8surpH1ZC65q9Yd6tVEv4ijBKZzBBQRwDQ24gya0gMAYnuEV3jzhvXjv3seidc0rZk7gD7zPH+p/jiA=</latexit>

N⇡

Silvi, Paul, Alexandrou, Krieg, Leskovec, Meinel, 
Negele, Petschlies, Pochinsky, Rendon, Syritsyn, 
and Todaro, PRD 23 (2021)

Andersen, Bulava, Hörz, Morningstar, PRD 97 (2018)

Calculations of             
transition form 
factors under 
active exploration

<latexit sha1_base64="7bAb5S2ok1rPatL18AHvvTOEEAU=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIp6rGgB09SwX5AE8pmu2mXbrJhd6KEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfDX1Ow9MaS7je8gS5kdkGPOQUwJG6tuVW0/x4QiIUvIRe9dMAOnbVafmzICXiVuQKirQ7Ntf3kDSNGIxUEG07rlOAn5OFHAq2KTspZolhI7JkPUMjUnEtJ/Pjp/gE6MMcCiVqRjwTP09kZNI6ywKTGdEYKQXvan4n9dLIbz0cx4nKbCYzheFqcAg8TQJPOCKURCZIYQqbm7FdEQUoWDyKpsQ3MWXl0n7rOae1+p39WqjXsRRQkfoGJ0iF12gBrpBTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP6bclL0=</latexit>

N ! �



Fukaya, Hashimoto, Kaneko, and Ohki, PRD 102 (2020)

The hadron tensor

Proof-of-principle results demonstrate consistency 
between nucleon hadron tensor and form factor 
calculations for elastic scattering kinematics

LQCD hadron tensor calculations require a challenging 
inverse Laplace transform, calculations exploring 
several different methods underway
Liang, Draper, Liu, Rothkopf, and Yang [  QCD] PRD 101 (2020)�

<latexit sha1_base64="YKHdX3SSJ4F/qtjhO/9/h0DZHqM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJZTK9aYdOJmFmIoRQf8WNC0Xc+iHu/BunaRbaeuDC4Zx75849QcKZ0o7zba2tb2xubVd2qrt7+weH9tFxV8WppNChMY9lPyAKOBPQ0Uxz6CcSSBRw6AXT27nfewSpWCwedJaAH5GxYCGjRBtpaNdyr3gkD3gKM+zRCZsN7brTcArgVeKWpI5KtIf2lzeKaRqB0JQTpQauk2g/J1IzymFW9VIFCaFTMoaBoYJEoPy82DvDZ0YZ4TCWpoTGhfp7IieRUlkUmM6I6Ila9ubif94g1eG1nzORpBoEXSwKU451jOdJ4BGTQDXPDCFUMvNXTCdEEqpNXlUTgrt88irpNhvuRaN5f1lv3ZRxVNAJOkXnyEVXqIXuUBt1EEUZekav6M16sl6sd+tj0bpmlTM19AfW5w9OiZUw</latexit>

How can we use LQCD to constrain higher energies, e.g. shallow 
inelastic scattering region?

d2�

dE0d cos ✓
/ Lµ⌫W

µ⌫

<latexit sha1_base64="gsPDw6aEVh09z7PqHwz0D7Am5y4="></latexit>

The hadron tensor:

Lepton tensor (perturbative)

Hadron tensor
(nonperturbative QCD)

Liu and Dong, PRL 72 (1994) Liu, PRD 62 (2000)Aglietti et al, Phys. Lett. B 432 (1998)

Liang, Liu, and Yang [  QCD] 
EPJ Web Conf. 175 (2018) 

�
<latexit sha1_base64="YKHdX3SSJ4F/qtjhO/9/h0DZHqM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJZTK9aYdOJmFmIoRQf8WNC0Xc+iHu/BunaRbaeuDC4Zx75849QcKZ0o7zba2tb2xubVd2qrt7+weH9tFxV8WppNChMY9lPyAKOBPQ0Uxz6CcSSBRw6AXT27nfewSpWCwedJaAH5GxYCGjRBtpaNdyr3gkD3gKM+zRCZsN7brTcArgVeKWpI5KtIf2lzeKaRqB0JQTpQauk2g/J1IzymFW9VIFCaFTMoaBoYJEoPy82DvDZ0YZ4TCWpoTGhfp7IieRUlkUmM6I6Ila9ubif94g1eG1nzORpBoEXSwKU451jOdJ4BGTQDXPDCFUMvNXTCdEEqpNXlUTgrt88irpNhvuRaN5f1lv3ZRxVNAJOkXnyEVXqIXuUBt1EEUZekav6M16sl6sd+tj0bpmlTM19AfW5w9OiZUw</latexit>

LQCD methods for calculating exclusive cross-sections break down 
above multi-particle thresholds (       hadrons is state-of-the-art)≤ 3

Reviews: Briceño, Dudek, and Young, Rev. Mod. Phys. 90 (2018)
Hansen and Sharpe, Ann. Rev. Nucl. Part. Sci. 69 (2019)



DIS and LQCD
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LQCD can also compute quantities relevant to neutrino DIS

Bringewatt et al [JAM], PRD 103 (2021)

See talk by Huey-Wen Lin, up next! 

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

Current LQCD results can improve global 
analyses of isovector polarized PDFs that are 
relevant for weak interactions in neutrino DIS

Exploratory calculations of PDF moments of two- and three-nucleon systems 
performed, could inform models of EMC effect in neutrino DIS

Detmold, MW et al [NPLQCD] PRL 126 (2021)Winter, MW et al [NPLQCD], PRD 96 (2017)

Alexandrou et al, PRL 126 (2021)

Chen, Cohen, Ji, Lin, Zhang, Nucl. Phys. B 911 (2016)

Alexandrou et al, PRD 104 (2021)

Alexandrou, Cichy, Constantinou, Jansen, Scapellato, Steffens, 
PRL 121 (2018)

Alexandrou et al, PRD 103 (2021)



Lepton-number violation
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Gando et al (KamLAND-Zen) PRL 117 (2016)

(T 0⌫
1/2)

�1 = G0⌫ |M0⌫ |2 hm��i2

<latexit sha1_base64="E0xXr0MgRcNWklGELC0DR002eSw="></latexit>

Phase space Nuclear matrix 
element

Effective Majorana 
mass

Recent chiral EFT calculations discovered that a 
short-distance contact operator is needed for 
renormalizability, efforts ongoing to constrain it 
and add it to many-body calculations

Experimental data on the half-lives of nuclei where 
double-     but not single-    decay is allowed can be 
used to constrain Marjorana masses

Low-energy signature of lepton-number violation: 

�
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�
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Wirth, Yao, and Hergert, PRL 127 (2021)

Cirigliano, Dekens, de Vries, and Hoferichter PRL 126 (2021)

Cirigliano, Dekens, de Vries, Graesser, and Mereghetti PRL 120 (2018)

Weiss, Soriano, Lovato, Menedez, and Wiringa arXiv:2112.08146 [nucl-th]
…



LQCD and 
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Detmold and Murphy, arXiv:2004.07404 

Pion analogs such as                              calculated with physical quark masses⇡� ! ⇡+e�e�
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Short distance

Long distance

Nicholson et al, PRL 121 (2018)

Feng, Jin, Tuo, PRL 122 (2019) Tuo, Feng, and Jin, PRD 100 (2019)

Two-nucleon matrix elements for               calculated by matching LQCD and EFT

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

Future LQCD calculations can help precisely determine contact operators 
appearing at LO in chiral EFT descriptions of 0⌫��
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Questions

LQCD Nuclear EFT and 
many-body Event generators
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