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Nucleons and new physics
Nucleons and nuclei are abundant and 

useful experimental targets
Xenon1T constraint on dark matter-nucleus

Extracting BSM constraints from 
experiments involving nuclei requires: 

• Nuclear models (error bars?)  

• Direct LQCD calculations (feasible?) 

• LQCD informed hadronic and nuclear 
effective theories

Robust Standard Model predictions for nucleons and nuclei will be essential for next-
generation accelerator neutrino experiments and other new physics searches
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B-L Violation
BSM sources of B-L violation could explain matter-antimatter asymmetry

Dim 9: B-L violating, B violating 
Majorana neutron mass
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Neutron-antineutron 
oscillations

Post-sphaleron 
baryogengesis
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Dim 6: B-L conserving, B violating 
proton decay operators
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Proton decay

Washed out by 
sphalerons*

⇤BSM & 1016 GeV
<latexit sha1_base64="CmOXe6ZG2MD2c5PoHkVsA9IKt5g=">AAACEnicbVC7SgNBFJ31GeMramkzGARtwq6KWoZYaKEQ0TwgiWF2cpMMmX0wc1cMy36Djb9iY6GIrZWdf+PkUWjigYEz55zLzD1uKIVG2/62Zmbn5hcWU0vp5ZXVtfXMxmZZB5HiUOKBDFTVZRqk8KGEAiVUQwXMcyVU3N7ZwK/cg9Ii8G+xH0LDYx1ftAVnaKRmZr9+acIt1owLN1cJrXfQZD3q2Hexc2zuCA8Y03MoJ81M1s7ZQ9Bp4oxJloxRbGa+6q2ARx74yCXTuubYITZiplBwCUm6HmkIGe+xDtQM9ZkHuhEPV0rorlFatB0oc3ykQ/X3RMw8rfuea5Iew66e9Abif14twvZpIxZ+GCH4fPRQO5IUAzroh7aEAo6ybwjjSpi/Ut5linE0LaZNCc7kytOkfJBzDnP29VE2XxjXkSLbZIfsEYeckDy5IEVSIpw8kmfySt6sJ+vFerc+RtEZazyzRf7A+vwBllGcyA==</latexit>

*usually, but see Heeck, Takhistov, PRD 101 (2020)

Dim 5: B-L violating, L violating 
Majorana neutrino mass
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<latexit sha1_base64="H2w+QMytew04m8XLlHAdcWAymic=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0IOHghePFUxbaEPZbCft0s0m7G6EEvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqKWTTDH0WSIS1QmpRsEl+oYbgZ1UIY1Dge1wfDfz20+oNE/ko5mkGMR0KHnEGTVW8nshGtqv1ty6OwdZJV5BalCg2a9+9QYJy2KUhgmqdddzUxPkVBnOBE4rvUxjStmYDrFrqaQx6iCfHzslZ1YZkChRtqQhc/X3RE5jrSdxaDtjakZ62ZuJ/3ndzEQ3Qc5lmhmUbLEoygQxCZl9TgZcITNiYgllittbCRtRRZmx+VRsCN7yy6ukdVH3Luvuw1WtcVvEUYYTOIVz8OAaGnAPTfCBAYdneIU3RzovzrvzsWgtOcXMMfyB8/kDwrKOoA==</latexit>
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⇤BSM & 1010 GeV
<latexit sha1_base64="gfEE3nSgJEbZX7BHVUtOQd2hMxk=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0HQJuyqoGWIhRYKEc0DkhhmJzfJkNkHM3fFsOQbbPwVGwtFbK3s/Bsnj0ITDwycOedcZu7xIik0Os63lZqbX1hcSi9nVlbX1jfsza2yDmPFocRDGaqqxzRIEUAJBUqoRgqY70moeL2zoV+5B6VFGNxiP4KGzzqBaAvO0EhN+6B+acIt1kwKN1cDWu+gyfrUde4S1zF3hAdM6DmUB0076+ScEegscSckSyYoNu2veivksQ8Bcsm0rrlOhI2EKRRcwiBTjzVEjPdYB2qGBswH3UhGKw3onlFatB0qcwKkI/X3RMJ8rfu+Z5I+w66e9obif14txvZpIxFBFCMEfPxQO5YUQzrsh7aEAo6ybwjjSpi/Ut5linE0LWZMCe70yrOkfJhzj3LO9XE2X5jUkSY7ZJfsE5eckDy5IEVSIpw8kmfySt6sJ+vFerc+xtGUNZnZJn9gff4AjOucwg==</latexit>

Also dim 7, 9, … see Cirigliano et al JHEP 12 (2018)



        oscillation phenomenology similar to meson, neutrino oscillations 

Baldo-Ceolin et al, Zeitschrift für 
Physik C Particles and Fields (1994)
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Neutron-Antineutron Oscillations

Institut Laue-Langevin (ILL)
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<latexit sha1_base64="JrL2GW0yv/Tl8Q9QDRVvGhSG1AI=">AAACJ3icbVBLSwMxGMzWV62vqkcvwSJ4seyqoIdaCl56rGAf0F1LNk3b0GyyJFmhbPffePGveBFURI/+E7NtD7V1IDDMzJfkGz9kVGnb/rYyK6tr6xvZzdzW9s7uXn7/oKFEJDGpY8GEbPlIEUY5qWuqGWmFkqDAZ6TpD29Tv/lIpKKC3+tRSLwA9TntUYy0kTr5sqtR1Im5K0wqvSTmSfIQnzkJvIGleXVcXYyNebmTL9hFewK4TJwZKYAZap38m9sVOAoI15ghpdqOHWovRlJTzEiScyNFQoSHqE/ahnIUEOXFkz0TeGKULuwJaQ7XcKLOT8QoUGoU+CYZID1Qi14q/ue1I9279mLKw0gTjqcP9SIGtYBpabBLJcGajQxBWFLzV4gHSCKsTbU5U4KzuPIyaZwXnYuifXdZqJRmdWTBETgGp8ABV6ACqqAG6gCDJ/AC3sGH9Wy9Wp/W1zSasWYzh+APrJ9fVoSoDg==</latexit>

In order to turn experimental constraints into BSM physics constraints, we need theory 
predictions of         including QCD strong interaction effects⌧�1
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<latexit sha1_base64="gDPvz9CP/Hez6Z8jrk1XTAtBj2Y=">AAACAnicbVDNS8MwHE39nPOr6km8BIfgxdGqoAcPAy8eJ7gPWGtJs3QLS5OSpMIoxYv/ihcPinj1r/Dmf2O69aCbDwKP994vye+FCaNKO863tbC4tLyyWlmrrm9sbm3bO7ttJVKJSQsLJmQ3RIowyklLU81IN5EExSEjnXB0XfidByIVFfxOjxPix2jAaUQx0kYK7H1PozTIuCdMqrgk43l+n524eWDXnLozAZwnbklqoEQzsL+8vsBpTLjGDCnVc51E+xmSmmJG8qqXKpIgPEID0jOUo5goP5uskMMjo/RhJKQ5XMOJ+nsiQ7FS4zg0yRjpoZr1CvE/r5fq6NLPKE9STTiePhSlDGoBiz5gn0qCNRsbgrCk5q8QD5FEWJvWqqYEd3bledI+rbtndef2vNa4KuuogANwCI6BCy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx/T6IJVzuyBP7A+fwAvC5fm</latexit>

⌧nn > 0.89⇥ 108 s
<latexit sha1_base64="p+oh8AQMM9k2coyCTDcSleI4RGs=">AAACGnicbVDLSsNAFJ34rPUVdelmsAiuSqKCFUQKblxWsA9oYplMJ+3QySTM3Igl5Dvc+CtuXCjiTtz4N04fC229MHA459x7554gEVyD43xbC4tLyyurhbXi+sbm1ra9s9vQcaooq9NYxKoVEM0El6wOHARrJYqRKBCsGQyuRnrzninNY3kLw4T5EelJHnJKwFAd2/WApJ1MerFxjYZkMs/xJXbKlXPsAY+Yxq5zVzGYPUCGdd6xS07ZGReeB+4UlNC0ah370+vGNI2YBCqI1m3XScDPiAJOBcuLXqpZQuiA9FjbQEnMTj8bn5bjQ8N0cRgr8yTgMfu7IyOR1sMoMM6IQF/PaiPyP62dQljxMy6TFJikk0VhKjDEeJQT7nLFKIihAYQqbv6KaZ8oQsGkWTQhuLMnz4PGcdk9KTs3p6XqxTSOAtpHB+gIuegMVdE1qqE6ougRPaNX9GY9WS/Wu/UxsS5Y05499Kesrx+nRZ/w</latexit>

Mohapatra, J. Phys. G 36 (2009)

Future experiments at the European Spallation Source could increase sensitivity to        
by an order of magnitude

Addazi et al, J. Phys. G. 48 (2021)

https://link.springer.com/journal/288
https://link.springer.com/journal/288
https://link.springer.com/journal/288
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nn        and LQCD
High-scale new physics can be parametrized in SM EFT:
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<latexit sha1_base64="daZmiZZPQyxVENDC077mJYNGJB8="></latexit>

Complete basis of six-quark 
operators

Ratio of        and neutron correlation functions gives matrix elements plus excited 
state effects that can be studied by e.g. two-state fits

Three-point correlation functions involving         computable in LQCD
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<latexit sha1_base64="xZNP+Fzq1lvQ6ngxCLq2S2dWbzU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYKNdguYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFRp9MPB4b4aZeUEiuDau++UUVlbX1jeKm6Wt7Z3dvfL+QUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH45uZ335EpXksH8wkQT+iQ8lDzqix0n2jf9cvV9yqOwf5S7ycVCBHvV/+7A1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3VKTqwyIGGsbElD5urPiYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mwy4QmbExBLKFLe3EjaiijJj0ynZELzll/+S1lnVO6+6jYtK7TqPowhHcAyn4MEl1OAW6tAEBkN4ghd4dYTz7Lw574vWgpPPHMIvOB/f83ONjQ==</latexit>
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X

x,y
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I(0) n(y,�⌧)

<latexit sha1_base64="sPhuvB1VGD7K2FIWkWcarafSbOw="></latexit>

Rinaldi, Sryitsyn, MW et al, PRD 99 (2019)Rinaldi, Sryitsyn, MW et al, PRL 122 (2019)
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Neutron-Antineutron Oscillations

Standard Model EFT:

 
ILL:

⇤BSM

(�f3evB�L)
1/5

> 390± 22 TeV
<latexit sha1_base64="R7jM5BeKapaJiFaHxpUOmBGkIqw="></latexit>

⌧nn > 0.89⇥ 108 s
<latexit sha1_base64="p+oh8AQMM9k2coyCTDcSleI4RGs=">AAACGnicbVDLSsNAFJ34rPUVdelmsAiuSqKCFUQKblxWsA9oYplMJ+3QySTM3Igl5Dvc+CtuXCjiTtz4N04fC229MHA459x7554gEVyD43xbC4tLyyurhbXi+sbm1ra9s9vQcaooq9NYxKoVEM0El6wOHARrJYqRKBCsGQyuRnrzninNY3kLw4T5EelJHnJKwFAd2/WApJ1MerFxjYZkMs/xJXbKlXPsAY+Yxq5zVzGYPUCGdd6xS07ZGReeB+4UlNC0ah370+vGNI2YBCqI1m3XScDPiAJOBcuLXqpZQuiA9FjbQEnMTj8bn5bjQ8N0cRgr8yTgMfu7IyOR1sMoMM6IQF/PaiPyP62dQljxMy6TFJikk0VhKjDEeJQT7nLFKIihAYQqbv6KaZ8oQsGkWTQhuLMnz4PGcdk9KTs3p6XqxTSOAtpHB+gIuegMVdE1qqE6ougRPaNX9GY9WS/Wu/UxsS5Y05499Kesrx+nRZ/w</latexit>

LR-symmetric example:

MMS
I (700 TeV) [10�5 GeV6]

<latexit sha1_base64="SuReVlWhf6HGVQMYTDpKDDQPOhs="></latexit>

�26(7)
<latexit sha1_base64="ai2/7EB5OXBRi2vX4UYbzg7Kccs=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoMQC8NdFGNhEbCxjGA+IDnC3mYvWbO3e+zuCeHIf7CxUMTW/2Pnv3GTXKHRBwOP92aYmRfEnGnjul9ObmV1bX0jv1nY2t7Z3SvuH7S0TBShTSK5VJ0Aa8qZoE3DDKedWFEcBZy2g/HNzG8/UqWZFPdmElM/wkPBQkawsVLrrHpZrp32iyW34s6B/hIvIyXI0OgXP3sDSZKICkM41rrrubHxU6wMI5xOC71E0xiTMR7SrqUCR1T76fzaKTqxygCFUtkSBs3VnxMpjrSeRIHtjLAZ6WVvJv7ndRMTXvkpE3FiqCCLRWHCkZFo9joaMEWJ4RNLMFHM3orICCtMjA2oYEPwll/+S1rVindece8uSvXrLI48HMExlMGDGtThFhrQBAIP8AQv8OpI59l5c94XrTknmzmEX3A+vgGaoY3P</latexit>

144(26)
<latexit sha1_base64="eLTuhePuubXgjevkygiCN1nE6QI=">AAAB7nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwhUQsLEhtLTERI4EL2ljnYsLd32d0zIYQfYWOhMbb+Hjv/jQtcoeBLJnl5byYz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo0cdp4phk8UiVu2AahRcYtNwI7CdKKRRILAVjG5nfusJleaxfDDjBP2IDiQPOaPGSi2vVitXL897xZJbcecgq8TLSAkyNHrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzM+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSE1/6EyyQ1KNliUZgKYmIy+530uUJmxNgSyhS3txI2pIoyYxMq2BC85ZdXyWO14l1U3PtaqX6TxZGHEziFMnhwBXW4gwY0gcEInuEV3pzEeXHenY9Fa87JZo7hD5zPHxEsjg4=</latexit>

�47(11)
<latexit sha1_base64="iooQxIrjSVr37A57iP0Fr7V3wGs=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBiYbjTQCwsAjaWEcwHJEfY20ySJXt7x+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz84JYcG1c99tZW9/Y3NrO7eR39/YPDgtHx00dJYphg0UiUu2AahRcYsNwI7AdK6RhILAVjO9mfusJleaRfDSTGP2QDiUfcEaNlVqXlWrJ8y56haJbducgq8TLSBEy1HuFr24/YkmI0jBBte54bmz8lCrDmcBpvptojCkb0yF2LJU0RO2n83On5NwqfTKIlC1pyFz9PZHSUOtJGNjOkJqRXvZm4n9eJzGDGz/lMk4MSrZYNEgEMRGZ/U76XCEzYmIJZYrbWwkbUUWZsQnlbQje8surpHlV9q7L7kOlWLvN4sjBKZxBCTyoQg3uoQ4NYDCGZ3iFNyd2Xpx352PRuuZkMyfwB87nDwZ9jgc=</latexit>

�0.23(10)
<latexit sha1_base64="fyYYpXvhxX7pBq0EmiPoFcDC5K4=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tDoMQC4+9RNDCImBjGcF8SHKEvc1esmR379jdE0LIr7CxUMTWn2Pnv3GTXKGJDwYe780wMy9MONMGoW8nt7a+sbmV3y7s7O7tHxQPj5o6ThWhDRLzWLVDrClnkjYMM5y2E0WxCDlthaPbmd96okqzWD6YcUIDgQeSRYxgY6XHC+RVqmUfnfeKJeShOdxV4mekBBnqveJXtx+TVFBpCMdad3yUmGCClWGE02mhm2qaYDLCA9qxVGJBdTCZHzx1z6zSd6NY2ZLGnau/JyZYaD0Woe0U2Az1sjcT//M6qYmugwmTSWqoJItFUcpdE7uz790+U5QYPrYEE8XsrS4ZYoWJsRkVbAj+8surpFnx/KqH7i9LtZssjjycwCmUwYcrqMEd1KEBBAQ8wyu8Ocp5cd6dj0VrzslmjuEPnM8f1t6Ocg==</latexit>

Q1
<latexit sha1_base64="+sAvxl2kxoeXgrWSlYAhBNKwCXE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZoPmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWj2aSoB/RoeQhZ9RY6aHR9/rlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzxONdQ==</latexit>

Q2
<latexit sha1_base64="fQhAPTBS4NI8xKEXdzfJesgA3L8=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtLAI2FgmaD4gOcLeZi5Zsrd37O4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0gE18Z1v5219Y3Nre3CTnF3b//gsHR03NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7mt59QaR7LRzNJ0I/oUPKQM2qs9NDoV/ulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzU6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2naINwVt+eZW0qhXvsuI2rsq12zyOApzCGVyAB9dQg3uoQxMYDOEZXuHNEc6L8+58LFrXnHzmBP7A+fwB0JeNdg==</latexit>

Q3
<latexit sha1_base64="njwop4LhSxccwjYYduGbBuOnd7Q=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZoPmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWj2aSoB/RoeQhZ9RY6aHRv+yXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6l1W3cVWp3eZxFOEETuEcPLiGGtxDHZrAYAjP8ApvjnBenHfnY9FacPKZY/gD5/MH0huNdw==</latexit>

Q5
<latexit sha1_base64="MuhcgNenuMzeTSDy4IpBDBKdi7w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QA8eAl48JmgekCxhdtKbDJmdXWZmhbDkE7x4UMSrX+TNv3GS7EGjBQ1FVTfdXUEiuDau++UUVlbX1jeKm6Wt7Z3dvfL+QUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49uZ335EpXksH8wkQT+iQ8lDzqix0n2jf9kvV9yqOwf5S7ycVCBHvV/+7A1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3VKTqwyIGGsbElD5urPiYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mwy4QmbExBLKFLe3EjaiijJj0ynZELzll/+S1lnVO6+6jYtK7SaPowhHcAyn4MEV1OAO6tAEBkN4ghd4dYTz7Lw574vWgpPPHMIvOB/f1SONeQ==</latexit>

Rinaldi, Sryitsyn, MW et al, PRL 122 (2019)
LQCD calculations performed with

      ~physical quark masses

      nonperturbative renormalization 

      1 lattice spacing / volume
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Experimental Implications
nn

For fixed BSM parameters, QCD predicts experimental sensitivity is 25 - 64 
times higher than predicted using MIT bag model 

For                                                       example, lower bound on BSM 
couplings from ILL 390 TeV instead of 290 TeV
SU(2)L ⇥ SU(2)R ⇥ SU(4)C

<latexit sha1_base64="qpPe+lhytB1+bmKCxq6qJJQZeLQ=">AAACDHicbVC7TgJBFL2LL8QXamkzkZhAQ3aRRAsLEhoLC3wskADZzA6zMGH2kZlZE7LhA2z8FRsLjbH1A+z8GwfYRAVPMsm559ybO/e4EWdSmeaXkVlZXVvfyG7mtrZ3dvfy+wdNGcaCUJuEPBRtF0vKWUBtxRSn7UhQ7LucttxRfeq37qmQLAzu1DiiPR8PAuYxgpWWnHzh1i5WSs5VVzGfSjSvbn6qasmp6y6zbM6AlomVkgKkaDj5z24/JLFPA0U4lrJjmZHqJVgoRjid5LqxpBEmIzygHU0DrJf1ktkxE3SilT7yQqFfoNBM/T2RYF/Kse/qTh+roVz0puJ/XidW3nkvYUEUKxqQ+SIv5kiFaJoM6jNBieJjTTARTP8VkSEWmCidX06HYC2evEyalbJ1Wjavq4XaRRpHFo7gGIpgwRnU4BIaYAOBB3iCF3g1Ho1n4814n7dmjHTmEP7A+PgGlCqYwg==</latexit>

Rao, Shrock, Nucl. Phys. B 232 (1984)

MMS
I (700 TeV) [10�5 GeV6]

<latexit sha1_base64="SuReVlWhf6HGVQMYTDpKDDQPOhs="></latexit>

�26(7)
<latexit sha1_base64="ai2/7EB5OXBRi2vX4UYbzg7Kccs=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoMQC8NdFGNhEbCxjGA+IDnC3mYvWbO3e+zuCeHIf7CxUMTW/2Pnv3GTXKHRBwOP92aYmRfEnGnjul9ObmV1bX0jv1nY2t7Z3SvuH7S0TBShTSK5VJ0Aa8qZoE3DDKedWFEcBZy2g/HNzG8/UqWZFPdmElM/wkPBQkawsVLrrHpZrp32iyW34s6B/hIvIyXI0OgXP3sDSZKICkM41rrrubHxU6wMI5xOC71E0xiTMR7SrqUCR1T76fzaKTqxygCFUtkSBs3VnxMpjrSeRIHtjLAZ6WVvJv7ndRMTXvkpE3FiqCCLRWHCkZFo9joaMEWJ4RNLMFHM3orICCtMjA2oYEPwll/+S1rVindece8uSvXrLI48HMExlMGDGtThFhrQBAIP8AQv8OpI59l5c94XrTknmzmEX3A+vgGaoY3P</latexit>

144(26)
<latexit sha1_base64="eLTuhePuubXgjevkygiCN1nE6QI=">AAAB7nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwhUQsLEhtLTERI4EL2ljnYsLd32d0zIYQfYWOhMbb+Hjv/jQtcoeBLJnl5byYz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo0cdp4phk8UiVu2AahRcYtNwI7CdKKRRILAVjG5nfusJleaxfDDjBP2IDiQPOaPGSi2vVitXL897xZJbcecgq8TLSAkyNHrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzM+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSE1/6EyyQ1KNliUZgKYmIy+530uUJmxNgSyhS3txI2pIoyYxMq2BC85ZdXyWO14l1U3PtaqX6TxZGHEziFMnhwBXW4gwY0gcEInuEV3pzEeXHenY9Fa87JZo7hD5zPHxEsjg4=</latexit>

�47(11)
<latexit sha1_base64="iooQxIrjSVr37A57iP0Fr7V3wGs=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBiYbjTQCwsAjaWEcwHJEfY20ySJXt7x+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz84JYcG1c99tZW9/Y3NrO7eR39/YPDgtHx00dJYphg0UiUu2AahRcYsNwI7AdK6RhILAVjO9mfusJleaRfDSTGP2QDiUfcEaNlVqXlWrJ8y56haJbducgq8TLSBEy1HuFr24/YkmI0jBBte54bmz8lCrDmcBpvptojCkb0yF2LJU0RO2n83On5NwqfTKIlC1pyFz9PZHSUOtJGNjOkJqRXvZm4n9eJzGDGz/lMk4MSrZYNEgEMRGZ/U76XCEzYmIJZYrbWwkbUUWZsQnlbQje8surpHlV9q7L7kOlWLvN4sjBKZxBCTyoQg3uoQ4NYDCGZ3iFNyd2Xpx352PRuuZkMyfwB87nDwZ9jgc=</latexit>

�0.23(10)
<latexit sha1_base64="fyYYpXvhxX7pBq0EmiPoFcDC5K4=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tDoMQC4+9RNDCImBjGcF8SHKEvc1esmR379jdE0LIr7CxUMTWn2Pnv3GTXKGJDwYe780wMy9MONMGoW8nt7a+sbmV3y7s7O7tHxQPj5o6ThWhDRLzWLVDrClnkjYMM5y2E0WxCDlthaPbmd96okqzWD6YcUIDgQeSRYxgY6XHC+RVqmUfnfeKJeShOdxV4mekBBnqveJXtx+TVFBpCMdad3yUmGCClWGE02mhm2qaYDLCA9qxVGJBdTCZHzx1z6zSd6NY2ZLGnau/JyZYaD0Woe0U2Az1sjcT//M6qYmugwmTSWqoJItFUcpdE7uz790+U5QYPrYEE8XsrS4ZYoWJsRkVbAj+8surpFnx/KqH7i9LtZssjjycwCmUwYcrqMEd1KEBBAQ8wyu8Ocp5cd6dj0VrzslmjuEPnM8f1t6Ocg==</latexit>

Q1
<latexit sha1_base64="+sAvxl2kxoeXgrWSlYAhBNKwCXE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZoPmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWj2aSoB/RoeQhZ9RY6aHR9/rlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzxONdQ==</latexit>

Q2
<latexit sha1_base64="fQhAPTBS4NI8xKEXdzfJesgA3L8=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtLAI2FgmaD4gOcLeZi5Zsrd37O4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0gE18Z1v5219Y3Nre3CTnF3b//gsHR03NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7mt59QaR7LRzNJ0I/oUPKQM2qs9NDoV/ulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzU6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2naINwVt+eZW0qhXvsuI2rsq12zyOApzCGVyAB9dQg3uoQxMYDOEZXuHNEc6L8+58LFrXnHzmBP7A+fwB0JeNdg==</latexit>

Q3
<latexit sha1_base64="njwop4LhSxccwjYYduGbBuOnd7Q=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZoPmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWj2aSoB/RoeQhZ9RY6aHRv+yXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6l1W3cVWp3eZxFOEETuEcPLiGGtxDHZrAYAjP8ApvjnBenHfnY9FacPKZY/gD5/MH0huNdw==</latexit>

Q5
<latexit sha1_base64="MuhcgNenuMzeTSDy4IpBDBKdi7w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QA8eAl48JmgekCxhdtKbDJmdXWZmhbDkE7x4UMSrX+TNv3GS7EGjBQ1FVTfdXUEiuDau++UUVlbX1jeKm6Wt7Z3dvfL+QUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49uZ335EpXksH8wkQT+iQ8lDzqix0n2jf9kvV9yqOwf5S7ycVCBHvV/+7A1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3VKTqwyIGGsbElD5urPiYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mwy4QmbExBLKFLe3EjaiijJj0ynZELzll/+S1lnVO6+6jYtK7SaPowhHcAyn4MEV1OAO6tAEBkN4ghd4dYTz7Lw574vWgpPPHMIvOB/f1SONeQ==</latexit>

�9.1, �7.6
<latexit sha1_base64="4f/BpQ12EsYV3Xus2YeDO130HqI=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBgw2JilXwUPDisYL9gDSUzXbTLt1swu5GKKE/w4sHRbz6a7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLK6tr5R3Cxtbe/s7pX3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkZ3U7/9RKVisXjU44T6ER4IFjKCtZG86o3tnnVRtWZf9coVx3ZmQMvEzUkFcjR65a9uPyZpRIUmHCvluU6i/QxLzQink1I3VTTBZIQH1DNU4IgqP5udPEEnRumjMJamhEYz9fdEhiOlxlFgOiOsh2rRm4r/eV6qw2s/YyJJNRVkvihMOdIxmv6P+kxSovnYEEwkM7ciMsQSE21SKpkQ3MWXl0nr3HYvbOfhslK/zeMowhEcwym4UIM63EMDmkAghmd4hTdLWy/Wu/Uxby1Y+cwh/IH1+QMEF48Z</latexit>

16, 19
<latexit sha1_base64="+fceXvuAUJ80UMxqE/uUTDuk0AI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNhV8QEeAl48RjAPSJYwO5lNhszOLjO9QljyEV48KOLV7/Hm3zhJ9qCJBQ1FVTfdXUEihUHX/XaWlldW19YLG8XNre2d3dLefsPEqWa8zmIZ61ZADZdC8ToKlLyVaE6jQPJmMLyb+M0nro2I1SOOEu5HtK9EKBhFKzW9y9MO8W66pbJbcacgi8TLSRly1Lqlr04vZmnEFTJJjWl7boJ+RjUKJvm42EkNTygb0j5vW6poxI2fTc8dk2Or9EgYa1sKyVT9PZHRyJhRFNjOiOLAzHsT8T+vnWJ47WdCJSlyxWaLwlQSjMnkd9ITmjOUI0so08LeStiAasrQJlS0IXjzLy+SxlnFO6+4Dxfl6m0eRwEO4QhOwIMrqMI91KAODIbwDK/w5iTOi/PufMxal5x85gD+wPn8AUyljjU=</latexit>

�0.28, 0.15
<latexit sha1_base64="3IjMcF7Vu4h+2WuasxpRfVGVRO8=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhAs9NiLiiksAjaWEcwH5I6wt9lLluztHbt7Qgj5GzYWitj6Z+z8N26SKzTxwcDjvRlm5oWp4Npg/O2srK6tb2wWtorbO7t7+6WDw6ZOMkVZgyYiUe2QaCa4ZA3DjWDtVDESh4K1wuHd1G89MaV5Ih/NKGVBTPqSR5wSYyX/AruV6rmPsOtdd0tl7OIZ0DLxclKGHPVu6cvvJTSLmTRUEK07Hk5NMCbKcCrYpOhnmqWEDkmfdSyVJGY6GM9unqBTq/RQlChb0qCZ+ntiTGKtR3FoO2NiBnrRm4r/eZ3MRNVgzGWaGSbpfFGUCWQSNA0A9bhi1IiRJYQqbm9FdEAUocbGVLQheIsvL5NmxfUuXfxwVa7d5nEU4BhO4Aw8uIEa3EMdGkAhhWd4hTcnc16cd+dj3rri5DNH8AfO5w9ttI9P</latexit>

MIT Bag ⇥ RG [10�5 GeV6]
<latexit sha1_base64="pxsfAXLGyx2Mhtq0/twiuQe+mUc="></latexit>

�6.4, �5.2
<latexit sha1_base64="fQo1y9JFoa1A7vdVbs/oHVAT2y0=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAgubEhqfSxcFNy4rGAfkIYymU7aoZNMmLkRSuhnuHGhiFu/xp1/47TNQlsPXDiccy/33hMkgmtwnG9rZXVtfWOzsFXc3tnd2y8dHLa0TBVlTSqFVJ2AaCZ4zJrAQbBOohiJAsHawehu6refmNJcxo8wTpgfkUHMQ04JGMmrXNm18y6uXNrVXqns2M4MeJm4OSmjHI1e6avblzSNWAxUEK0910nAz4gCTgWbFLupZgmhIzJgnqExiZj2s9nJE3xqlD4OpTIVA56pvycyEmk9jgLTGREY6kVvKv7neSmEN37G4yQFFtP5ojAVGCSe/o/7XDEKYmwIoYqbWzEdEkUomJSKJgR38eVl0qra7oXtPNTK9ds8jgI6RifoDLnoGtXRPWqgJqJIomf0it4ssF6sd+tj3rpi5TNH6A+szx/65o8T</latexit>

Nevents / ⌧�2
nn ⇡

 
3X

I=1

bCMS
I (⇤BSM )MMS

I (⇤BSM )

!2

<latexit sha1_base64="+9MSRWCMa1dxFhh0dqr+O1jRnoY="></latexit>

Rinaldi, Sryitsyn, MW et al, PRL 122 (2019)



     in nuclei

τnn ≳ 1.8 × 108

τnn

Deuteron lifetime related to            in chiral EFT⌧nn
<latexit sha1_base64="Qf/Q659qgas7WZtb98T9a3Ld3yM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlU0IWLghuXFWwtNCFMptN26GQmzNwINQR/xY0LRdz6H+78GydtFtp6YOBwzrkzd06UcKbBdb+tytLyyupadb22sbm1vWPv7nW0TBWhbSK5VN0Ia8qZoG1gwGk3URTHEaf30fi68O8fqNJMijuYJDSI8VCwASMYjBTaBz7gNMyEL02quCQTeR7adbfhTuEsEq8kdVSiFdpffl+SNKYCCMda9zw3gSDDChjhNK/5qaYJJmM8pD1DBY6pDrLp9rlzbJS+M5DKHAHOVP09keFY60kcmWSMYaTnvUL8z+ulMLgMMiaSFKggs4cGKXdAOkUVTp8pSoBPDMFEMbOrQ0ZYYQKmsJopwZv/8iLpnDa8s4Z7e15vXpV1VNEhOkInyEMXqIluUAu1EUGP6Bm9ojfryXqx3q2PWbRilTP76A+szx+x1ZYA</latexit>
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nn

SNO constraint:

��1
d > 1.18⇥ 1031 years

<latexit sha1_base64="QlYLSzo+CQzgamcbgxbdFYGOoDQ="></latexit>

Aharmin et al [SNO], PRD 96 (2017)

⌧nn > 1.6⇥ 108 s
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Oosterhof, Long, de Vries, Timmermans, 
van Kolck, PRL 122 (2019)

Haidenbauer and Meißner, 
Chinese Physics C 44 (2020)

⌧nn > 2.6⇥ 108 s
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KSW

Weinberg

….but results sensitive to choice of power counting

Oxygen lifetime provides possibly stronger but more uncertain constraints

Friedman, Gal, PRD 78 (2008)

State-of-the-art optical potentials:
Super K constraint

Abe et al [Super K], PRD 91 (2015)

��1
O16 > 19⇥ 1031 years
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⌧nn & 2.7⇥ 108 s
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Future argon lifetime constraints from DUNE will be even more challenging to 
analyze — can LQCD help benchmark the two-nucleon sector?



Proton decay
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BSM theories with high-scale B violation, 
including some GUTs, predict that 
protons decay at ~observable rates

Simulated proton decay event 
at DUNE

Viktor Pěč [DUNE], BLV 2019

Long history of experimental searches 
for decay modes with clean 
signatures

Future searches at DUNE and Hyper 
Kamiokande could improve limits by 
an order of magnitude

⌧/Br(p ! e+⇡0) > 1.6⇥ 1034 years
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⌧/Br(p ! ⌫K+) > 5.9⇥ 1033 years
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Abe et al [Super K], PRD 95 (2017)

Abe et al [Super K], PRD 90 (2014)

Predictions for QCD matrix elements of 
dim 6 operators needed to constrain 
BSM models



Proton decay and LQCD
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LQCD calculations relevant for proton 
decay pursued for 20+ years

Aoki et al [JLQCD], PRD 62 (2000)

Tensions between direct calculations 
and indirect calculations using     PT 
relations led to concern about quark 
mass systematics

χ

Martin and Staving, PRD 85 (2012)

Addressed by recent LQCD calculations:

• ~physical quark masses

• nonperturbative renormalization 

• 2 lattice spacings

• Direct and indirect methods 

10-20% precision achieved, quark mass 
effects found to be modest Yoo, Aoki, Boyle, Izubuchi, Soni, and 

Syritsyn, PRD 105 (2022)

Yoo et al, PRD 105 (2022)



Lepton-number violation

⌫e = ⌫e

e�
e�

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

(T 0⌫
1/2)

�1 = G0⌫ |M0⌫ |2 hm��i2
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Phase space Nuclear matrix 
element

Effective Majorana 
mass

Chiral EFT calculations show that a short-distance 
contact operator is needed for renormalizability

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

�
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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]
…

Ongoing efforts to estimate low-energy constant 
and study effects on nuclear matrix elements



     and LQCD
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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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Tiburzi, MW et al [NPLQCD], PRD 96 (2017)

Formalism for relating LQCD correlation functions to physical matrix elements under 
active development

Feng, Jin, Wang, Zhang, PRD 103 (2021) Davoudi and Kadam, PRL 126 (2021)Briceño et al, PRD 21 (2020)

0νββ
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Dark Matter Direct Detection
Experiments look for nuclei recoiling from scattering with 

something invisible

QCD needed to relate DM-nucleus and DM-nucleon cross-
sections and enable comparison between different 
experiments

13

Exploratory LQCD studies of nuclear 
effects on scalar charges at 
unphysical quark masses show 
significant effects

Nucleon scalar charge needed to extract 
BSM constraints for spin-
independent direct detection studied 
in several LQCD calculations

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



CP violation

14

Neutron and nuclear electric dipole moments (EDMs) 
provide low-energy signals of CP violation

Extracting BSM physics constraints from hadronic 
EDMs requires QCD matrix elements

Nucleon tensor charges relating quark and nucleon 
EDM calculated using LQCD with complete error 
budgets by multiple groups

Exploratory LQCD investigations of tensor 
charges of A=2-3 nuclei 

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

EDM contributions from the QCD       term are 
more technically challenging but under 
active exploration

θ

Bhattacharya, Cirigliano, Gupta, Mereghetti, Yoon, PRD 103 (2021)

Dragos, Luu, Shindler, de Vries, Yousif, PRC 103 (2021)



Current and future accelerator neutrino 
experiments search for leptonic CP violation 
and new physics in the neutrino sector

Neutrinos, nuclei, and new physics

DUNE

15

Inferring incident neutrino energies from 
measured final state event rates requires 
theoretical interaction model

Maximizing the discovery potential of next-generation neutrino experiments will 
require a coordinated theory effort:  

High-energy theory, nuclear many-body theory, lattice QCD, event generators, …

• Near detector tuning is essential but theory 
still needed to extrapolate to far detector 
kinematics, find BSM physics, …

7/20 talk “Neutrino Theory and Nuclear Physics” — MW
See Snowmass WP: “Theoretical Tools for Neutrino Scattering” arXiv:2203.09030,
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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



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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17Park et al [NME], PRD 105 (2022)
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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], PRD 105 (2022)



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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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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Two-body currents in LQCD
Flavor decomposition of 

axial matrix elements of 
two and three nucleon 
systems computed with                           
m⇡ = 806 MeV
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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
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Matching to finite-volume pionless EFT 
used to constrain L1A
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Detmold and Shanahan, PRD 103 (2021)



Variational methods

Variational methods involving diagonalization of symmetric correlation-function 
matrices demonstrate that excited-state effects are significant for NN systems; 
provide a path towards robust future LQCD studies of multi-nucleon systems

Excited-state effects from unbound multi-nucleon scattering states are not effectively 
suppressed in computationally feasible LQCD calculations

LQCD nuclear 
matrix element 
calculations    
so far

20
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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Generalized
Lüscher
formalism

        phase shiftsNN

Amarasinghe, MW et al, arXiv:2108.10835

A wide range of operator structures 
has been used for variational 
studies of NN systems

Hexaquark: Quasi-local: Dibaryon:

Calculations by different groups with 
similar interpolating operators 
consistent, but interpolating 
operator dependence significant
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Variational methods can be applied to study           and        systems in LQCD
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N⇡

            transition form factors also 
calculable with variational methods

N ! �
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Silvi et al, PRD 23 (2021)
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N⇡
phase shift

p-wave

Barca, Bali, and Collins, PoS LATTICE2021 (2022)

          systems in LQCD Nπ

Analogous variational methods in the 
nucleon sector can explicitly 
remove         excited-state 
contamination
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Outlook
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LQCD studies of nucleons and nuclei are needed to interpret a wide range of 
current and future searches for new physics

Calculations are rapidly maturing, and over the next decade LQCD results with 
complete error budgets should become available for many processes 
involving nucleons and nuclei


