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ΔB = 2 operators



Best-fit   CDM
Reduced         (75%)

⇤
<latexit sha1_base64="swmNRK2o8K1Hz6meupivKrMWKyI=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KooAcPBS8ePFSwttCGstls2qWbTdh9EUroj/DiQRGv/h5v/hu3bQ7aOrAwzMxj35sglcKg6347pZXVtfWN8mZla3tnd6+6f/Bokkwz3mKJTHQnoIZLoXgLBUreSTWncSB5OxjdTP32E9dGJOoBxyn3YzpQIhKMopXavTsbDWm/WnPr7gxkmXgFqUGBZr/61QsTlsVcIZPUmK7npujnVKNgkk8qvczwlLIRHfCupYrG3Pj5bN0JObFKSKJE26eQzNTfEzmNjRnHgU3GFIdm0ZuK/3ndDKMrPxcqzZArNv8oyiTBhExvJ6HQnKEcW0KZFnZXwoZUU4a2oYotwVs8eZk8ntW987p7f1FrXBd1lOEIjuEUPLiEBtxCE1rAYATP8ApvTuq8OO/OxzxacoqZQ/gD5/MHCoGPWQ==</latexit>

⌘B
<latexit sha1_base64="fNSw/BpHMyvUnXKioDpcdOcqHVo=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHUi8cK9gPaUDbbSbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVFJtUcqk6IdHImcCmYYZjJ1FI4pBjOxzfzvz2EyrNpHgwkwSDmAwFixglxkqtHhrSr/fLFa/qzeGuEj8nFcjR6Je/egNJ0xiFoZxo3fW9xAQZUYZRjtNSL9WYEDomQ+xaKkiMOsjm107dM6sM3EgqW8K4c/X3REZirSdxaDtjYkZ62ZuJ/3nd1EQ3QcZEkhoUdLEoSrlrpDt73R0whdTwiSWEKmZvdemIKEKNDahkQ/CXX14lrYuqf1n17q8qtXoeRxFO4BTOwYdrqMEdNKAJFB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AEsAju8=</latexit>

CMB power spectrum

https://lambda.gsfc.nasa.gov/education/cmb_plotter/
Planck, arXiv 1807.06205

⌘CMB
B = 6.14(2)⇥ 10�10

<latexit sha1_base64="gALwiMhTu6VCbodd1z6QcFRNuCk=">AAACDnicbVC7SgNBFJ31GeNr1dJmMARiYdiNQW2EkDQ2QgTzgGwSZieTZMjsg5m7QljyBTb+io2FIrbWdv6Nk2QLTTxw4XDOvdx7jxsKrsCyvo2V1bX1jc3UVnp7Z3dv3zw4rKsgkpTVaCAC2XSJYoL7rAYcBGuGkhHPFazhjipTv/HApOKBfw/jkLU9MvB5n1MCWuqaWYcB6ZY7ceW2PMHX+CJvF3OFUwe4xxS2rU58ZluTrpmx8tYMeJnYCcmgBNWu+eX0Ahp5zAcqiFIt2wqhHRMJnAo2STuRYiGhIzJgLU19ore149k7E5zVSg/3A6nLBzxTf0/ExFNq7Lm60yMwVIveVPzPa0XQv2rH3A8jYD6dL+pHAkOAp9ngHpeMghhrQqjk+lZMh0QSCjrBtA7BXnx5mdQLefs8b90VM6VyEkcKHaMTlEM2ukQldIOqqIYoekTP6BW9GU/Gi/FufMxbV4xk5gj9gfH5A2vJmSo=</latexit>

CMB power spectrum
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Why Does It Matter?

Matter-antimatter asymmetry     

⌘SM
B ⌧ 10�20

<latexit sha1_base64="QE1DJ6fr1tR0VfV5HQnC9vEkjFM=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR3FgmVdCFi6IbN0JF+4AmDZPppB06eTAzEUqIG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3Hi/mTCqEvo3CwuLS8kpxtbS2vrG5ZW7vNGWUCEIbJOKRaHtYUs5C2lBMcdqOBcWBx2nLG16N/dYDFZJF4b0axdQJcD9kPiNYack192yqsHvZTe9uMmhzDi3UTY+rKHPNMqqgCeA8sXJSBjnqrvll9yKSBDRUhGMpOxaKlZNioRjhNCvZiaQxJkPcpx1NQxxQ6aSTDzJ4qJUe9COhK1Rwov6eSHEg5SjwdGeA1UDOemPxP6+TKP/cSVkYJ4qGZLrITzhUERzHAXtMUKL4SBNMBNO3QjLAAhOlQyvpEKzZl+dJs1qxTiro9rRcu8jjKIJ9cACOgAXOQA1cgzpoAAIewTN4BW/Gk/FivBsf09aCkc/sgj8wPn8AVmSVfg==</latexit>

Inflationary Standard Model universe

⌘B =
nB

n�
<latexit sha1_base64="3sEoxmq2pKRxlDW6NuL0tH3yFOw=">AAACBnicbVDLSgMxFM34rPVVdSlCsAiuyowKuhFK3bisYB/QKcOdNNOGJpkhyQhl6MqNv+LGhSJu/QZ3/o1pOwttPXAvh3PuJbknTDjTxnW/naXlldW19cJGcXNre2e3tLff1HGqCG2QmMeqHYKmnEnaMMxw2k4UBRFy2gqHNxO/9UCVZrG8N6OEdgX0JYsYAWOloHTkUwNBDV9jP1JAMhnUxrb5fRACxkGp7FbcKfAi8XJSRjnqQenL78UkFVQawkHrjucmppuBMoxwOi76qaYJkCH0acdSCYLqbjY9Y4xPrNLDUaxsSYOn6u+NDITWIxHaSQFmoOe9ifif10lNdNXNmExSQyWZPRSlHJsYTzLBPaYoMXxkCRDF7F8xGYCNw9jkijYEb/7kRdI8q3jnFffuolyt5XEU0CE6RqfIQ5eoim5RHTUQQY/oGb2iN+fJeXHenY/Z6JKT7xygP3A+fwC07Jim</latexit>

Particle Data Group, Phys. Rev. D98 (2018)

⌘DB = 6.2(4)⇥ 10�10
<latexit sha1_base64="h9riyAuu42WNm/Hgkvz5IktZMvg=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQC8NuDGojhGhhGcE8ILsJs5NJMmT2wcxdISzpbfwVGwtFbP0BO//GyaPQxAMXDufcy733eJHgCizr20itrK6tb6Q3M1vbO7t75v5BXYWxpKxGQxHKpkcUEzxgNeAgWDOSjPieYA1veD3xGw9MKh4G9zCKmOuTfsB7nBLQUsfMOgxIp9JObsb4Cp8XivnSiQPcZwrbVjs5ta1xx8xZBWsKvEzsOcmhOaod88vphjT2WQBUEKVathWBmxAJnAo2zjixYhGhQ9JnLU0Dore5yfSXMT7WShf3QqkrADxVf08kxFdq5Hu60ycwUIveRPzPa8XQu3QTHkQxsIDOFvVigSHEk2Bwl0tGQYw0IVRyfSumAyIJBR1fRodgL768TOrFgn1WsO5KuXJlHkcaHaEsyiMbXaAyukVVVEMUPaJn9IrejCfjxXg3PmatKWM+c4j+wPj8AbyimE0=</latexit>

Primordial deuterium abundance



Review: Cline, arXiv 1807.08749

1) B-L violation before electroweak transition (leptogenesis) 

2) B violation near/after electroweak transition (post-sphaleron baryogensis) 

3) B-L asymmetry in initial conditions
3

Baryogensis
Electroweak sphalerons wash out early 

B+L asymmetry, only B-L matters

Possibilities:

⌘B
<latexit sha1_base64="+ytIKsSGqNmtEuhywrnyKFpl3+A=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5U0MIiaGMZwXxAcoS9zVyyZm/32N0TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXphwpo3nfTuFldW19Y3iZmlre2d3r7x/0NQyVRQbVHKp2iHRyJnAhmGGYztRSOKQYysc3U791hMqzaR4MOMEg5gMBIsYJcZKzS4a0rvplSte1ZvBXSZ+TiqQo94rf3X7kqYxCkM50brje4kJMq IMoxwnpW6qMSF0RAbYsVSQGHWQza6duCdW6buRVLaEcWfq74mMxFqP49B2xsQM9aI3Ff/zOqmJroKMiSQ1KOh8UZRy10h3+rrbZwqp4WNLCFXM3urSIVGEGhtQyYbgL768TJpnVf+86t1fVGrXeRxFOIJjOAUfLqEGd1CHBlB4hGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNJMo7p</latexit>

      fixed by early B-L asymmetry or 
electroweak-scale B violation

Electroweak instanton/sphaleron
uLdL
dL

cL

sL

sL

bLbL tL

ντ

νμ

νe

�(B � L) = 0
<latexit sha1_base64="MvfI630l3nata0EB9IdpQCjRq1k=">AAAB+HicbVBNS8NAEN34WetHox69LBahHiyJCnpQKOrBg4cK9gPaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rYXFpeWV1dxafn1jc6tgb+/UVZRICjUa8Ug2faKAMwE1zTSHZiyBhD6Hhj+4HvuNR5CKReJBD2PwQtITLGCUaCN17EL7Brgmpauju0N8iZ2OXXTKzgR4nrgZKaIM1Y791e5GNAlBaMqJUi3XibWXEqkZ5TDKtxMFMaED0oOWoYKEoLx0cvgIHxili4NImhIaT9TfEykJlRqGvukMie6rWW8s/ue1Eh2ceykTcaJB0OmiIOFYR3icAu4yCVTzoSGESmZuxbRPJKHaZJU3IbizL8+T+nHZPSk796fFykUWRw7toX1UQi46QxV0i6qohihK0DN6RW/Wk/VivVsf09YFK5vZRX9gff4A3A+RPA==</latexit>

�(B + L) = ±6
<latexit sha1_base64="dzEFS7zqzEH0OBiQ4v2s0S6a3r8=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxCRSgzKtqNUNSFCxcV7AM6Q8mkmTY0yQxJRqhD8VfcuFDErf/hzr8xbWeh1QMXDufcy733BDGjSjvOl5Wbm19YXMovF1ZW19Y37M2thooSiUkdRyySrQApwqggdU01I61YEsQDRprB4HLsN++JVDQSd3oYE5+jnqAhxUgbqWPveFeEaQRLF4c3B/AcejGHpx276JSdCeBf4makCDLUOvan141wwonQmCGl2q4Taz9FUlPMyKjgJYrECA9Qj7QNFYgT5aeT60dw3yhdGEbSlNBwov6cSBFXasgD08mR7qtZbyz+57UTHVb8lIo40UTg6aIwYVBHcBwF7FJJsGZDQxCW1NwKcR9JhLUJrGBCcGdf/ksaR2X3uOzcnhSrlSyOPNgFe6AEXHAGquAa1EAdYPAAnsALeLUerWfrzXqftuasbGYb/IL18Q3s85Ln</latexit>



B-L Violation
B-L is an “accidental” symmetry of Standard Model operators with dim     4≤

4

Dim 5: B-L violating, L violating 
Majorana neutrino mass

e�
⌫e = ⌫e

e�

Double-    decay�
<latexit sha1_base64="H2w+QMytew04m8XLlHAdcWAymic=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0IOHghePFUxbaEPZbCft0s0m7G6EEvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqKWTTDH0WSIS1QmpRsEl+oYbgZ1UIY1Dge1wfDfz20+oNE/ko5mkGMR0KHnEGTVW8nshGtqv1ty6OwdZJV5BalCg2a9+9QYJy2KUhgmqdddzUxPkVBnOBE4rvUxjStmYDrFrqaQx6iCfHzslZ1YZkChRtqQhc/X3RE5jrSdxaDtjakZ62ZuJ/3ndzEQ3Qc5lmhmUbLEoygQxCZl9TgZcITNiYgllittbCRtRRZmx+VRsCN7yy6ukdVH3Luvuw1WtcVvEUYYTOIVz8OAaGnAPTfCBAYdneIU3RzovzrvzsWgtOcXMMfyB8/kDwrKOoA==</latexit>

LeptogenesisL5 ⇠
✓

1

⇤BSM

◆
(HT

`
⇤)(`H)

<latexit sha1_base64="wjPj+677aPyBcC2nDiAmP+gQpgM="></latexit>

⇤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 e.g. Cirigliano et al JHEP 12 (2018)



B-L Violation
B-L is an “accidental” symmetry of Standard Model operators with dim     4≤

5

Dim 6: B-L conserving, B violating 
proton decay operators

L6 ⇠
✓

1

⇤2
BSM

◆
uude+ . . .

<latexit sha1_base64="68kjSoTmZQfhogD25BdsPS7ln6w="></latexit>

e+
<latexit sha1_base64="pMFaANGXRi3CRggQ7hAvEpr3GkE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0IOHghePFe0HtLFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjtLyyura+uFjeLm1vbObmlvv6HjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4c3Ebz6h0jyWD2aUoB/RvuQhZ9RY6R4fT7ulsltxpyCLxMtJGXLUuqWvTi9maYTSMEG1bntuYvyMKsOZwHGxk2pMKBvSPrYtlTRC7WfTU8fk2Co9EsbKljRkqv6eyGik9SgKbGdEzUDPexPxP6+dmvDKz7hMUoOSzRaFqSAmJpO/SY8rZEaMLKFMcXsrYQOqKDM2naINwZt/eZE0zireecW9uyhXr/M4CnAIR3ACHlxCFW6hBnVg0IdneIU3RzgvzrvzMWtdcvKZA/gD5/MH4u6Ngg==</latexit>

p
<latexit sha1_base64="eX8t+eJRFwYenAJzFtnHJKb3158=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqZH0yxW36s5BVomXkwrkqPfLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhjZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqaV1Uvcuq27iq1G7zOIpwAqdwDh5cQw3uoQ5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A9j1jPA=</latexit>

⇡0
<latexit sha1_base64="P9gDxReSm/NYVtYlDbSqK9eLtds=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokKevBQ8OKxgmkLbSyb7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6387K6tr6xmZpq7y9s7u3Xzk4bOokUwx9lohEtUOqUXCJvuFGYDtVSONQYCsc3U791hMqzRP5YMYpBjEdSB5xRo2V/G7KH91eperW3BnIMvEKUoUCjV7lq9tPWBajNExQrTuem5ogp8pwJnBS7mYaU8pGdIAdSyWNUQf57NgJObVKn0SJsiUNmam/J3Iaaz2OQ9sZUzPUi95U/M/rZCa6DnIu08ygZPNFUSaIScj0c9LnCpkRY0soU9zeStiQKsqMzadsQ/AWX14mzfOad1Fz7y+r9ZsijhIcwwmcgQdXUIc7aIAPDDg8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/cnqOaw==</latexit>

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>

Higher dim counter-examples: Heeck, Takhistov, PRD 101 (2020)

Dim 5: B-L violating, L violating 
Majorana neutrino mass

e�
⌫e = ⌫e

e�

Double-    decay�
<latexit sha1_base64="H2w+QMytew04m8XLlHAdcWAymic=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0IOHghePFUxbaEPZbCft0s0m7G6EEvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqKWTTDH0WSIS1QmpRsEl+oYbgZ1UIY1Dge1wfDfz20+oNE/ko5mkGMR0KHnEGTVW8nshGtqv1ty6OwdZJV5BalCg2a9+9QYJy2KUhgmqdddzUxPkVBnOBE4rvUxjStmYDrFrqaQx6iCfHzslZ1YZkChRtqQhc/X3RE5jrSdxaDtjakZ62ZuJ/3ndzEQ3Qc5lmhmUbLEoygQxCZl9TgZcITNiYgllittbCRtRRZmx+VRsCN7yy6ukdVH3Luvuw1WtcVvEUYYTOIVz8OAaGnAPTfCBAYdneIU3RzovzrvzsWgtOcXMMfyB8/kDwrKOoA==</latexit>

LeptogenesisL5 ⇠
✓

1

⇤BSM

◆
(HT

`
⇤)(`H)

<latexit sha1_base64="wjPj+677aPyBcC2nDiAmP+gQpgM="></latexit>

⇤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 e.g. Cirigliano et al JHEP 12 (2018)



B-L Violation
B-L is an “accidental” symmetry of Standard Model operators with dim     4≤

Dim 9: B-L violating, B violating 
Majorana neutron mass

L9 ⇠
✓

1

⇤5
BSM

◆
uddudd+ . . .

<latexit sha1_base64="LUNto7dls5RU/eLAXaTRXYSlPhw=">AAACMXicbVDLSgMxFM3Ud31VXboJFkERyowPVHAhuulCQdE+oDMOmUymDc08SO4IZZhfcuOfiJsuFHHrT5jWWfg6JHA499yb3OMlgiswzaFRmpicmp6ZnSvPLywuLVdWVpsqTiVlDRqLWLY9opjgEWsAB8HaiWQk9ARref3zUb11z6TicXQLg4Q5IelGPOCUgJbcSt0OCfQoEdlF7h5jW/EQ24IFsGUHktDMyjP7Qo/ziZud3V zmdwe5LXm3B9up7+uDd7Tdj0G5lapZM8fAf4lVkCoqcOVWnmw/pmnIIqCCKNWxzAScjEjgVLC8bKeKJYT2SZd1NI1IyJSTjTfO8aZWfBzEUt8I8Fj93pGRUKlB6GnnaD/1uzYS/6t1UgiOnIxHSQosol8PBanAEONRfNjnklEQA00IlVz/FdMe0UmBDrmsQ7B+r/yXNHdr1l7NvN6vnp4UccyidbSBtpCFDtEpqqMr1EAUPaBn9IJejUdjaLwZ71/WklH0rKEfMD4+ATBjqik=</latexit>

n
<latexit sha1_base64="zcknCz623NReR3hZAbCXkJRh9uY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqSH75Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6q3mXVbVxVard5HEU4gVM4Bw+uoQb3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdXtjO4=</latexit>

n
<latexit sha1_base64="yho5XZN3G5lDlLYg1sPUeOvUTUs=">AAAB83icbVDLSgMxFL1TX7W+Rl26CRbBVZlRQRcuCm5cVrAP6Awlk2ba0EwyJBmhDP0NNy4UcevPuPNvzLSz0NYDgcM593BvTpRypo3nfTuVtfWNza3qdm1nd2//wD086miZKULbRHKpehHWlDNB24YZTnupojiJOO1Gk7vC7z5RpZkUj2aa0jDBI8FiRrCxUhBIaxbZXMwGbt1reHOgVeKXpA4lWgP3KxhKkiVUGMKx1n3fS02YY2UY4XRWCzJNU0wmeET7lgqcUB3m85tn6MwqQxRLZZ8waK7+TuQ40XqaRHYywWasl71C/M/rZya+CXMm0sxQQRaL4owjI1FRABoyRYnhU0swUczeisgYK0yMralmS/CXv7xKOhcN/7LhPVzVm7dlHVU4gVM4Bx+uoQn30II2EEjhGV7hzcmcF+fd+ViMVpwycwx/4Hz+AK8kkhQ=</latexit>

Neutron-antineutron 
oscillations

Post-sphaleron 
baryogengesis

⇤BSM & 105 GeV
<latexit sha1_base64="gDQZLE90rRjc9XKoDXC7ZzeWNl8=">AAACEXicbVC5TgMxFPSGK4RrgZLGIkJKFe1yCMooFFCAFAQ5pCREXuclseI9ZL9FRKv8Ag2/QkMBQrR0dPwNzlFAYCRL45l5st94kRQaHefLSs3NLywupZczK6tr6xv25lZFh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf7pyK/egdIiDG5wEEHTZ91AdARnaKSWnWtcmHCbtZLi9eWQNrposj51ndvkyFwR7jGhZ1AZtuysk3fGoH+JOyVZMkWpZX822iGPfQiQS6Z13XUibCZMoeAShplGrCFivM+6UDc0YD7oZjLeaEj3jNKmnVCZEyAdqz8nEuZrPfA9k/QZ9vSsNxL/8+oxdk6aiQiiGCHgk4c6saQY0lE9tC0UcJQDQxhXwvyV8h5TjKMpMWNKcGdX/ksq+3n3IO9cHWYLxWkdabJDdkmOuOSYFMg5KZEy4eSBPJEX8mo9Ws/Wm/U+iaas6cw2+QXr4xsZO5yM</latexit>
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Dim 6: B-L conserving, B violating 
proton decay operators

L6 ⇠
✓

1

⇤2
BSM

◆
uude+ . . .

<latexit sha1_base64="68kjSoTmZQfhogD25BdsPS7ln6w="></latexit>

e+
<latexit sha1_base64="pMFaANGXRi3CRggQ7hAvEpr3GkE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0IOHghePFe0HtLFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjtLyyura+uFjeLm1vbObmlvv6HjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4c3Ebz6h0jyWD2aUoB/RvuQhZ9RY6R4fT7ulsltxpyCLxMtJGXLUuqWvTi9maYTSMEG1bntuYvyMKsOZwHGxk2pMKBvSPrYtlTRC7WfTU8fk2Co9EsbKljRkqv6eyGik9SgKbGdEzUDPexPxP6+dmvDKz7hMUoOSzRaFqSAmJpO/SY8rZEaMLKFMcXsrYQOqKDM2naINwZt/eZE0zireecW9uyhXr/M4CnAIR3ACHlxCFW6hBnVg0IdneIU3RzgvzrvzMWtdcvKZA/gD5/MH4u6Ngg==</latexit>

p
<latexit sha1_base64="eX8t+eJRFwYenAJzFtnHJKb3158=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqZH0yxW36s5BVomXkwrkqPfLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhjZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqaV1Uvcuq27iq1G7zOIpwAqdwDh5cQw3uoQ5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A9j1jPA=</latexit>

⇡0
<latexit sha1_base64="P9gDxReSm/NYVtYlDbSqK9eLtds=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokKevBQ8OKxgmkLbSyb7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6387K6tr6xmZpq7y9s7u3Xzk4bOokUwx9lohEtUOqUXCJvuFGYDtVSONQYCsc3U791hMqzRP5YMYpBjEdSB5xRo2V/G7KH91eperW3BnIMvEKUoUCjV7lq9tPWBajNExQrTuem5ogp8pwJnBS7mYaU8pGdIAdSyWNUQf57NgJObVKn0SJsiUNmam/J3Iaaz2OQ9sZUzPUi95U/M/rZCa6DnIu08ygZPNFUSaIScj0c9LnCpkRY0soU9zeStiQKsqMzadsQ/AWX14mzfOad1Fz7y+r9ZsijhIcwwmcgQdXUIc7aIAPDDg8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/cnqOaw==</latexit>

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>

Higher dim counter-examples: Heeck, Takhistov, PRD 101 (2020)

Dim 5: B-L violating, L violating 
Majorana neutrino mass

e�
⌫e = ⌫e

e�

Double-    decay�
<latexit sha1_base64="H2w+QMytew04m8XLlHAdcWAymic=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0IOHghePFUxbaEPZbCft0s0m7G6EEvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqKWTTDH0WSIS1QmpRsEl+oYbgZ1UIY1Dge1wfDfz20+oNE/ko5mkGMR0KHnEGTVW8nshGtqv1ty6OwdZJV5BalCg2a9+9QYJy2KUhgmqdddzUxPkVBnOBE4rvUxjStmYDrFrqaQx6iCfHzslZ1YZkChRtqQhc/X3RE5jrSdxaDtjakZ62ZuJ/3ndzEQ3Qc5lmhmUbLEoygQxCZl9TgZcITNiYgllittbCRtRRZmx+VRsCN7yy6ukdVH3Luvuw1WtcVvEUYYTOIVz8OAaGnAPTfCBAYdneIU3RzovzrvzsWgtOcXMMfyB8/kDwrKOoA==</latexit>

LeptogenesisL5 ⇠
✓

1

⇤BSM

◆
(HT

`
⇤)(`H)

<latexit sha1_base64="wjPj+677aPyBcC2nDiAmP+gQpgM="></latexit>

⇤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 e.g. Cirigliano et al JHEP 12 (2018)



BSM theories describe quark-level amplitudes for                  processes
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         and Baryogenesisnn
|�B| = 2

<latexit sha1_base64="khnVAc9kg+9edU4lypVOaEaDqEc=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQQ8KQT14jGAekKxhdtJJhsw+mJlVwib/4cWDIl79F2/+jZNkD5pY0FBUddPd5UWCK23b31ZmaXlldS27ntvY3Nreye/u1VQYS4ZVFopQNjyqUPAAq5prgY1IIvU9gXVvcD3x648oFQ+Dez2M0PVpL+Bdzqg20sOodYNCU3I1Ipek1M4X7KI9BVkkTkoKkKLSzn+1OiGLfQw0E1SppmNH2k2o1JwJHOdascKIsgHtYdPQgPqo3GR69ZgcGaVDuqE0FWgyVX9PJNRXauh7ptOnuq/mvYn4n9eMdffcTXgQxRoDNlvUjQXRIZlEQDpcItNiaAhlkptbCetTSZk2QeVMCM78y4ukVio6J0X77rRQvkjjyMIBHMIxOHAGZbiFClSBgYRneIU368l6sd6tj1lrxkpn9uEPrM8fuBqRUQ==</latexit>

Example: Left-Right symmetric                                                  gauge theorySU(2)L ⇥ SU(2)R ⇥ SU(4)C
<latexit sha1_base64="PP/LOGRXruySJoj7hgpUnnT5x0s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiC1S5WUSjAwVOrCwFAeaZHaKHJcp7XqOJHtIFVRf4CFX2FhACFWdjb+BreNBLQcydK559yr63v8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5LRonAxMERi8SdjyRhlBNHUcXIXSwICn1G2v6wMfHb90RIGvFbNYqJG6I+pwHFSGnJM49unFK17F12FQ2JhLPqGv6UtbLX8MyiVbGmgIvEzkgRZGh65me3F+EkJFxhhqTs2Fas3BQJRTEj40I3kSRGeIj6pKMpR3qZm06vGcNjrfRgEAn9uIJT9fdEikIpR6GvO0OkBnLem4j/eZ1EBWduSnmcKMLxbFGQMKgiOIkG9qggWLGRJggLqv8K8QAJhJUOsKBDsOdPXiStasU+qVhXtWL9PIsjDw7AISgBG5yCOrgATeAADB7AE3gBr8aj8Wy8Ge+z1pyRzeyDPzA+vgHyAZjs</latexit>

Baryon asymmetry from decay of BSM 
Higgs boson with B-L violating VEV

Mohapatra, Marshak PRL 44 (1980)

Rearranging diagram gives quark-level amplitude for        oscillations nn

      and         related, although free 
parameters enter for CP-violation

⌘B
<latexit sha1_base64="+ytIKsSGqNmtEuhywrnyKFpl3+A=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5U0MIiaGMZwXxAcoS9zVyyZm/32N0TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXphwpo3nfTuFldW19Y3iZmlre2d3r7x/0NQyVRQbVHKp2iHRyJnAhmGGYztRSOKQYysc3U791hMqzaR4MOMEg5gMBIsYJcZKzS4a0rvplSte1ZvBXSZ+TiqQo94rf3X7kqYxCkM50brje4kJMqIMoxwnpW6qMSF0RAbYsVSQGHWQza6duCdW6buRVLaEcWfq74mMxFqP49B2xsQM9aI3Ff/zOqmJroKMiSQ1KOh8UZRy10h3+rrbZwqp4WNLCFXM3urSIVGEGhtQyYbgL768TJpnVf+86t1fVGrXeRxFOIJjOAUfLqEGd1CHBlB4hGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNJMo7p</latexit>

⌧�1
nn

<latexit sha1_base64="gDPvz9CP/Hez6Z8jrk1XTAtBj2Y=">AAACAnicbVDNS8MwHE39nPOr6km8BIfgxdGqoAcPAy8eJ7gPWGtJs3QLS5OSpMIoxYv/ihcPinj1r/Dmf2O69aCbDwKP994vye+FCaNKO863tbC4tLyyWlmrrm9sbm3bO7ttJVKJSQsLJmQ3RIowyklLU81IN5EExSEjnXB0XfidByIVFfxOjxPix2jAaUQx0kYK7H1PozTIuCdMqrgk43l+n524eWDXnLozAZwnbklqoEQzsL+8vsBpTLjGDCnVc51E+xmSmmJG8qqXKpIgPEID0jOUo5goP5uskMMjo/RhJKQ5XMOJ+nsiQ7FS4zg0yRjpoZr1CvE/r5fq6NLPKE9STTiePhSlDGoBiz5gn0qCNRsbgrCk5q8QD5FEWJvWqqYEd3bledI+rbtndef2vNa4KuuogANwCI6BCy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx/T6IJVzuyBP7A+fwAvC5fm</latexit>



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

Institut Laue-Langevin (ILL)

nn        oscillation phenomenology similar to meson, neutrino oscillations 

Mohapatra, J. Phys. G 36 (2009)

Pnn = sin2(t/⌧nn)e
��nt

<latexit sha1_base64="KZ/qHRldY1csnBZzpbbBPWWUGjY="></latexit>

⌧
�1
nn =< n|Hnn|n >

<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

nn
<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>

https://link.springer.com/journal/288
https://link.springer.com/journal/288
https://link.springer.com/journal/288
https://link.springer.com/journal/288
https://link.springer.com/journal/288
https://link.springer.com/journal/288
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QCD for nn

< n | |n >

Predicting          requires strong interaction effects in (anti)neutron states⌧�1
nn

<latexit sha1_base64="gDPvz9CP/Hez6Z8jrk1XTAtBj2Y=">AAACAnicbVDNS8MwHE39nPOr6km8BIfgxdGqoAcPAy8eJ7gPWGtJs3QLS5OSpMIoxYv/ihcPinj1r/Dmf2O69aCbDwKP994vye+FCaNKO863tbC4tLyyWlmrrm9sbm3bO7ttJVKJSQsLJmQ3RIowyklLU81IN5EExSEjnXB0XfidByIVFfxOjxPix2jAaUQx0kYK7H1PozTIuCdMqrgk43l+n524eWDXnLozAZwnbklqoEQzsL+8vsBpTLjGDCnVc51E+xmSmmJG8qqXKpIgPEID0jOUo5goP5uskMMjo/RhJKQ5XMOJ+nsiQ7FS4zg0yRjpoZr1CvE/r5fq6NLPKE9STTiePhSlDGoBiz5gn0qCNRsbgrCk5q8QD5FEWJvWqqYEd3bledI+rbtndef2vNa4KuuogANwCI6BCy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx/T6IJVzuyBP7A+fwAvC5fm</latexit>

Lattice QCD — EFT for hadronic matrix elements valid below the UV 
cutoff

UV cutoff set by lattice spacing. Resource limits a�1 ⌧ ⇤BSM
<latexit sha1_base64="BFyBaf6Fm+4paMkDu3/MPvj+rtY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0uigi5L3bhQqGgf0MQwmUzaoZNJmJkIJcSNv+LGhSJu/Qt3/o3TNgttPTBwOOce7tzjJ4xKZVnfxtz8wuLScmmlvLq2vrFpbm23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0PLkZ++4EISWN+p4YJcSPU4zSkGCkteeYuus+O7Bw6jEHnSucC5GX12+vcMytW1RoDzhK7IBVQoOGZX04Q4zQiXGGGpOzaVqLcDAlFMSN52UklSRAeoB7paspRRKSbjS/I4YFWAhjGQj+u4Fj9nchQJOUw8vVkhFRfTnsj8T+vm6rw3M0oT1JFOJ4sClMGVQxHdcCACoIVG2qCsKD6rxD3kUBY6dLKugR7+uRZ0jqu2idV6+a0UqsXdZTAHtgHh8AGZ6AGLkEDNAEGj+AZvII348l4Md6Nj8nonFFkdsAfGJ8/CpSV/A==</latexit>

a�1 ⌧ ⇤BSM
<latexit sha1_base64="BFyBaf6Fm+4paMkDu3/MPvj+rtY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0uigi5L3bhQqGgf0MQwmUzaoZNJmJkIJcSNv+LGhSJu/Qt3/o3TNgttPTBwOOce7tzjJ4xKZVnfxtz8wuLScmmlvLq2vrFpbm23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0PLkZ++4EISWN+p4YJcSPU4zSkGCkteeYuus+O7Bw6jEHnSucC5GX12+vcMytW1RoDzhK7IBVQoOGZX04Q4zQiXGGGpOzaVqLcDAlFMSN52UklSRAeoB7paspRRKSbjS/I4YFWAhjGQj+u4Fj9nchQJOUw8vVkhFRfTnsj8T+vm6rw3M0oT1JFOJ4sClMGVQxHdcCACoIVG2qCsKD6rxD3kUBY6dLKugR7+uRZ0jqu2idV6+a0UqsXdZTAHtgHh8AGZ6AGLkEDNAEGj+AZvII348l4Md6Nj8nonFFkdsAfGJ8/CpSV/A==</latexit>
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QCD for nn

< n | |n >

Predicting          requires strong interaction effects in (anti)neutron states⌧�1
nn

<latexit sha1_base64="gDPvz9CP/Hez6Z8jrk1XTAtBj2Y=">AAACAnicbVDNS8MwHE39nPOr6km8BIfgxdGqoAcPAy8eJ7gPWGtJs3QLS5OSpMIoxYv/ihcPinj1r/Dmf2O69aCbDwKP994vye+FCaNKO863tbC4tLyyWlmrrm9sbm3bO7ttJVKJSQsLJmQ3RIowyklLU81IN5EExSEjnXB0XfidByIVFfxOjxPix2jAaUQx0kYK7H1PozTIuCdMqrgk43l+n524eWDXnLozAZwnbklqoEQzsL+8vsBpTLjGDCnVc51E+xmSmmJG8qqXKpIgPEID0jOUo5goP5uskMMjo/RhJKQ5XMOJ+nsiQ7FS4zg0yRjpoZr1CvE/r5fq6NLPKE9STTiePhSlDGoBiz5gn0qCNRsbgrCk5q8QD5FEWJvWqqYEd3bledI+rbtndef2vNa4KuuogANwCI6BCy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx/T6IJVzuyBP7A+fwAvC5fm</latexit>

UV cutoff set by lattice spacing. Resource limits

Exploit separation of QCD and BSM scales with Standard Model EFT

= ( λf3ṽB−L

Λ5
BSM ) [(uiCPRdj)(ukCPRdl)(umCPRdn)TAAS

ijklmn]

a�1 ⌧ ⇤BSM
<latexit sha1_base64="BFyBaf6Fm+4paMkDu3/MPvj+rtY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0uigi5L3bhQqGgf0MQwmUzaoZNJmJkIJcSNv+LGhSJu/Qt3/o3TNgttPTBwOOce7tzjJ4xKZVnfxtz8wuLScmmlvLq2vrFpbm23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0PLkZ++4EISWN+p4YJcSPU4zSkGCkteeYuus+O7Bw6jEHnSucC5GX12+vcMytW1RoDzhK7IBVQoOGZX04Q4zQiXGGGpOzaVqLcDAlFMSN52UklSRAeoB7paspRRKSbjS/I4YFWAhjGQj+u4Fj9nchQJOUw8vVkhFRfTnsj8T+vm6rw3M0oT1JFOJ4sClMGVQxHdcCACoIVG2qCsKD6rxD3kUBY6dLKugR7+uRZ0jqu2idV6+a0UqsXdZTAHtgHh8AGZ6AGLkEDNAEGj+AZvII348l4Md6Nj8nonFFkdsAfGJ8/CpSV/A==</latexit>

Lattice QCD — EFT for hadronic matrix elements valid below the UV 
cutoff a�1 ⌧ ⇤BSM

<latexit sha1_base64="BFyBaf6Fm+4paMkDu3/MPvj+rtY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0uigi5L3bhQqGgf0MQwmUzaoZNJmJkIJcSNv+LGhSJu/Qt3/o3TNgttPTBwOOce7tzjJ4xKZVnfxtz8wuLScmmlvLq2vrFpbm23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0PLkZ++4EISWN+p4YJcSPU4zSkGCkteeYuus+O7Bw6jEHnSucC5GX12+vcMytW1RoDzhK7IBVQoOGZX04Q4zQiXGGGpOzaVqLcDAlFMSN52UklSRAeoB7paspRRKSbjS/I4YFWAhjGQj+u4Fj9nchQJOUw8vVkhFRfTnsj8T+vm6rw3M0oT1JFOJ4sClMGVQxHdcCACoIVG2qCsKD6rxD3kUBY6dLKugR7+uRZ0jqu2idV6+a0UqsXdZTAHtgHh8AGZ6AGLkEDNAEGj+AZvII348l4Md6Nj8nonFFkdsAfGJ8/CpSV/A==</latexit>



Kuo, Love, PRL 45 (1980)
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Six-Quark Operators

Basis of 18 six-quark operators
Chang, Chang, Phys. Lett. B 92 (1980)

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

Complete basis of 14 operators (spin-color-flavor Fierz), renormalization

Arbitrary BSM theory predictions possible once QCD matrix elements 
calculated for complete basis of dim-9 six-quark operators

L9 =
1

⇤5
BSM

X

I

CMS
I (⇤BSM )QMS

I (⇤BSM )
<latexit sha1_base64="daZmiZZPQyxVENDC077mJYNGJB8="></latexit>

14x14 renormalization matrix relates 
regularized and renormalized QMS

I (µ) =
X

J

ZMS
IJ (µ, a)Qlattice

J (a)
<latexit sha1_base64="nuYSWKiK3AYrU1nC4FcQeuTWIJw="></latexit>

Caswell, Milutinovic, Phys. Lett. 122B (1983)

MIT bag model matrix element calculations 

https://inspirehep.net/author/profile/Milutinovic%2C%20Janko?recid=182541&ln=en
https://inspirehep.net/author/profile/Milutinovic%2C%20Janko?recid=182541&ln=en


12

Chiral Operators
Chiral symmetry can be used to build an operator basis with no mixing under 

renormalization in perturbative QCD:

DL,R = qCPL,Ri⌧
2q

<latexit sha1_base64="0WFMCJ7xMlynGDjeF8bKGw6yff8=">AAACEnicbVBLSwMxGMz6rPW16tFLsAgKUnaroBehWA8ePFSxD+iuSzbNtqHZR5OsUJb9DV78K148KOLVkzf/jdl2D9o6EJjMfB/JjBsxKqRhfGtz8wuLS8uFleLq2vrGpr613RRhzDFp4JCFvO0iQRgNSENSyUg74gT5LiMtd1DL/NYD4YKGwZ0cRcT2US+gHsVIKsnRDy0fyT5GLLlMneT66DaF53AIa7Ce36glUXxfgUNHLxllYww4S8yclECOuqN/Wd0Qxz4JJGZIiI5pRNJOEJcUM5IWrViQCOEB6pGOogHyibCTcaQU7iulC72QqxNIOFZ/byTIF2Lku2oyCyCmvUz8z+vE0juzExpEsSQBnjzkxQzKEGb9wC7lBEs2UgRhTtVfIe4jjrBULRZVCeZ05FnSrJTN47Jxc1KqXuR1FMAu2AMHwASnoAquQB00AAaP4Bm8gjftSXvR3rWPyeiclu/sgD/QPn8AdPucDA==</latexit>

Building blocks: Singlet diquark Vector diquark

Q1, ..., Q7, Q
P
1 , ..., Q

P
7

<latexit sha1_base64="7wp4m9kWao+BiHZnyiepGAKayB0=">AAACBHicbVC7SgNBFL0bXzG+opZpBoNgEZZdFWIZtLFMwDwg2Syzk9lkyOyDmVkhLCls/BUbC0Vs/Qg7/8ZJsoImHrhw5px7uXOPF3MmlWV9Gbm19Y3Nrfx2YWd3b/+geHjUklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vfDPz2/dUSBaFd2oSUyfAw5D5jGClJbdYarh2xTTNSsOt6rL79Z9Xv+4Wy5ZpzYFWiZ2RMmTQ/Z+9QUSSgIaKcCxl17Zi5aRYKEY4nRZ6iaQxJmM8pF1NQxxQ6aTzI6boVCsD5EdCV6jQXP09keJAykng6c4Aq5Fc9mbif143Uf6Vk7IwThQNyWKRn3CkIjRLBA2YoETxiSaYCKb/isgIC0yUzq2gQ7CXT14lrXPTvjCtxmW5dp3FkYcSnMAZ2FCFGtxCHZpA4AGe4AVejUfj2Xgz3hetOSObOYY/MD6+ASjplJc=</latexit>

4  singlet operators:

Q1 = DRDRD+
RT

AAS
<latexit sha1_base64="/fWPnM4/WMTigLtIpntDlpqUbyA=">AAACIHicdVDLSsNAFJ34rPUVdelmsAiCUBIV6kZo1YXLVvuCNg2T6aQdOnkwMxFKyKe48VfcuFBEd/o1TtostNUDA2fOuZd773FCRoU0jE9tYXFpeWU1t5Zf39jc2tZ3dpsiiDgmDRywgLcdJAijPmlIKhlph5wgz2Gk5YyuUr91T7iggV+X45BYHhr41KUYSSXZeqlmm/ACdj0khxix+Dqxb///9I5hvRdXKneJrReMojEBnCdmRgogQ9XWP7r9AEce8SVmSIiOaYTSihGXFDOS5LuRICHCIzQgHUV95BFhxZMDE3iolD50A66eL+FE/dkRI0+IseeoynRdMeul4l9eJ5LuuRVTP4wk8fF0kBsxKAOYpgX7lBMs2VgRhDlVu0I8RBxhqTLNqxDM2ZPnSfOkaJ4WjdpZoXyZxZED++AAHAETlEAZ3IAqaAAMHsATeAGv2qP2rL1p79PSBS3r2QO/oH19A82fosI=</latexit>

Q2 = DLDRD+
RT

AAS
<latexit sha1_base64="AZSZ8v10pIL/H//JoD45GuOri4U=">AAACIHicbVDLSgMxFM3UV62vqks3wSIIQpmpQt0Irbpw4aLVvqCPIZNm2tBMZkgyQhnmU9z4K25cKKI7/RrTx6IPDwTOPedecu9xAkalMs0fI7Gyura+kdxMbW3v7O6l9w9q0g8FJlXsM180HCQJo5xUFVWMNAJBkOcwUncGNyO//kSEpD6vqGFA2h7qcepSjJSW7HS+bOfgFWx5SPUxYtFtbN/PFg9zRecMVjpRsfgY2+mMmTXHgMvEmpIMmKJkp79bXR+HHuEKMyRl0zID1Y6QUBQzEqdaoSQBwgPUI01NOfKIbEfjA2N4opUudH2hH1dwrM5ORMiTcug5unO0rlz0RuJ/XjNU7mU7ojwIFeF48pEbMqh8OEoLdqkgWLGhJggLqneFuI8EwkpnmtIhWIsnL5NaLmudZ83yRaZwPY0jCY7AMTgFFsiDArgDJVAFGDyDV/AOPowX4834NL4mrQljOnMI5mD8/gHFZ6K9</latexit>

Q3 = DLDLD+
RT

AAS
<latexit sha1_base64="NL8Rvy5cwSntBhPGJ+CYyLQrU7c=">AAACIHicdVDLSgMxFM34rPU16tJNsAiCUGasUDdCqy5cuGi1L2inQyZN29DMgyQjlGE+xY2/4saFIrrTrzHTzkJbPRA4Oede7r3HCRgV0jA+tYXFpeWV1cxadn1jc2tb39ltCD/kmNSxz3zecpAgjHqkLqlkpBVwglyHkaYzukz85j3hgvpeTY4DYrlo4NE+xUgqydaLVbsAz2HHRXKIEYuuYvvm389t9xjWulG5fBfbes7IGxPAeWKmJAdSVGz9o9PzcegST2KGhGibRiCtCHFJMSNxthMKEiA8QgPSVtRDLhFWNDkwhodK6cG+z9XzJJyoPzsi5Aoxdh1VmawrZr1E/Mtrh7J/ZkXUC0JJPDwd1A8ZlD5M0oI9ygmWbKwIwpyqXSEeIo6wVJlmVQjm7MnzpHGSNwt5o3qaK12kcWTAPjgAR8AERVAC16AC6gCDB/AEXsCr9qg9a2/a+7R0QUt79sAvaF/fvX2iuA==</latexit>

Q4 = D3
RD3

RD+
RT

SSS � traces
<latexit sha1_base64="tVxoyZinlOYEHtlbIHsiwkAJ9K8="></latexit>

SU(2)L
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Q5 = D�
RD

+
LD

+
LT

SSS
<latexit sha1_base64="adKSzX//Y50oP9xAGHzftSN0c1g=">AAACJHicbVDLSgMxFM34rPU16tJNsAiCWGZ8oCBCURcuXLT2Ce10yKSZNjTzIMkIZZiPceOvuHHhAxdu/BbTdha19UDg3HPuJfceJ2RUSMP41ubmFxaXljMr2dW19Y1NfWu7JoKIY1LFAQt4w0GCMOqTqqSSkUbICfIcRupO/2bo1x8JFzTwK3IQEstDXZ+6FCOpJFu/LNln8Aq2PCR7GLH4NrEf2keT5X37cKqElXZcLpcTW88ZeWMEOEvMlORAiqKtf7Q6AY484kvMkBBN0wilFSMuKWYkybYiQUKE+6hLmor6yCPCikdHJnBfKR3oBlw9X8KROjkRI0+IgeeozuG6Ytobiv95zUi6F1ZM/TCSxMfjj9yIQRnAYWKwQznBkg0UQZhTtSvEPcQRlirXrArBnD55ltSO8+ZJ3iid5grXaRwZsAv2wAEwwTkogDtQBFWAwRN4AW/gXXvWXrVP7WvcOqelMzvgD7SfX3azpBo=</latexit>

Q6 = D3
RD3

LD+
LT

SSS
<latexit sha1_base64="UR0M+EDgf7NF0KLom3tSRqGjnNc=">AAACJHicbVDLSgMxFM34rPU16tJNsAiCUGasqCBCURcuXLT2Ce10yKSZNjTzIMkIZZiPceOvuHHhAxdu/BYzbRe19UDg3HPuJfceJ2RUSMP41hYWl5ZXVjNr2fWNza1tfWe3LoKIY1LDAQt400GCMOqTmqSSkWbICfIcRhrO4Cb1G4+ECxr4VTkMieWhnk9dipFUkq1flu0zeAXbHpJ9jFh8m9gPncJ0eT9bHsNqJ65UKomt54y8MQKcJ+aE5MAEJVv/aHcDHHnEl5ghIVqmEUorRlxSzEiSbUeChAgPUI+0FPWRR4QVj45M4KFSutANuHq+hCN1eiJGnhBDz1Gd6bpi1kvF/7xWJN0LK6Z+GEni4/FHbsSgDGCaGOxSTrBkQ0UQ5lTtCnEfcYSlyjWrQjBnT54n9ZO8Wcgb5dNc8XoSRwbsgwNwBExwDorgDpRADWDwBF7AG3jXnrVX7VP7GrcuaJOZPfAH2s8vj0OkKQ==</latexit>

Q7 = D+
RD

3
LD3

LT
SSS � traces

<latexit sha1_base64="5/FoFXjlpCXlwBKxvBaOLZTaqmk="></latexit>

QP
I = �QI(L $ R)

<latexit sha1_base64="MR7CoK4hynd6L57WSIkNj7tvovs=">AAACCnicbZC7SgNBFIZnvcZ4W7W0GQ1CLAy7KmgjBG0ULBIxF0jWMDuZTYbMXpg5q4QltY2vYmOhiK1PYOfbOEm20MQfBj7+cw5nzu9GgiuwrG9jZnZufmExs5RdXlldWzc3NqsqjCVlFRqKUNZdopjgAasAB8HqkWTEdwWrub2LYb12z6TiYXAL/Yg5PukE3OOUgLZa5k65dXVXwmf4AGvKXzcF80DyTheIlOEDvtlvmTmrYI2Ep8FOIYdSlVrmV7Md0thnAVBBlGrYVgROQiRwKtgg24wViwjtkQ5raAyIz5STjE4Z4D3ttLEXSv0CwCP390RCfKX6vqs7fQJdNVkbmv/VGjF4p07CgygGFtDxIi8WGEI8zAW3uWQURF8DoZLrv2LaJZJQ0OlldQj25MnTUD0s2EcFq3ycK56ncWTQNtpFeWSjE1REl6iEKoiiR/SMXtGb8WS8GO/Gx7h1xkhnttAfGZ8/RgCYwA==</latexit>

 non-singlet operators:SU(2)L

Da
L,R = qCPL,Ri⌧

2⌧aq
<latexit sha1_base64="t7hj0gJ5Sml5jAYTRCHbY4qcBYA=">AAACHHicbVDLSgMxFM3UV62vqks3wSK4kDLTCnYjFOrChYsq9gGdttxJ0zY082iSEcowH+LGX3HjQhE3LgT/xnTahbYeCDmccy/JOU7AmVSm+W2kVlbX1jfSm5mt7Z3dvez+QV36oSC0Rnzui6YDknLm0ZpiitNmICi4DqcNZ1SZ+o0HKiTzvXs1CWjbhYHH+oyA0lI3W7RdUEMCPLqKu9HN2V3ciSDGl3iMK9WZgJmtIOwUcHIBHnezOTNvJsDLxJqTHJqj2s1+2j2fhC71FOEgZcsyA9WOQChGOI0zdihpAGQEA9rS1AOXynaUhIvxiVZ6uO8LfTyFE/X3RgSulBPX0ZPTKHLRm4r/ea1Q9UvtiHlBqKhHZg/1Q46Vj6dN4R4TlCg+0QSIYPqvmAxBAFG6z4wuwVqMvEzqhbxVzJu357lyaV5HGh2hY3SKLHSByugaVVENEfSIntErejOejBfj3fiYjaaM+c4h+gPj6wfQAaCC</latexit>

Buchoff, MW et al, PRD 96 (2016)
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Symmetry Constraints

Isospin:Parity:

 non-singlet operators suppressed in EFT bySU(2)L

MP
I = �MI

<latexit sha1_base64="d0ZdBZZlRyL/+83iY1dJsrHJd2U=">AAACC3icbVDLSsNAFL3xWesr6tLN0CK4sSQq6EKh4EYXQgX7gDaGyXTSDp08mJkIJXTvxl9x40IRt/6AO//GSZuFbT1w4XDOvdx7jxdzJpVl/RgLi0vLK6uFteL6xubWtrmz25BRIgitk4hHouVhSTkLaV0xxWkrFhQHHqdNb3CV+c1HKiSLwns1jKkT4F7IfEaw0pJrljoBVn2CeXo7cm8eaghdoiM0Jbpm2apYY6B5YuekDDlqrvnd6UYkCWioCMdStm0rVk6KhWKE01Gxk0gaYzLAPdrWNMQBlU46/mWEDrTSRX4kdIUKjdW/EykOpBwGnu7MjpSzXib+57UT5Z87KQvjRNGQTBb5CUcqQlkwqMsEJYoPNcFEMH0rIn0sMFE6vqIOwZ59eZ40jiv2ScW6Oy1XL/I4CrAPJTgEG86gCtdQgzoQeIIXeIN349l4NT6Mz0nrgpHP7MEUjK9fMqiZ2Q==</latexit>

M4 = 0
<latexit sha1_base64="eeDiGrmAvxuV/pbhl1okKxiOQp0=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUm0oAuFghs3QgX7gDaEyXTaDp1MwsxEKbGf4saFIm79Enf+jZM2C209MHA4517umRPEnCntON9WYWV1bX2juFna2t7Z3bPL+y0VJZLQJol4JDsBVpQzQZuaaU47saQ4DDhtB+PrzG8/UKlYJO71JKZeiIeCDRjB2ki+Xe6FWI8I5unt1K+hK+T4dsWpOjOgZeLmpAI5Gr791etHJAmp0IRjpbquE2svxVIzwum01EsUjTEZ4yHtGipwSJWXzqJP0bFR+mgQSfOERjP190aKQ6UmYWAms6Bq0cvE/7xuogcXXspEnGgqyPzQIOFIRyjrAfWZpETziSGYSGayIjLCEhNt2iqZEtzFLy+T1mnVPas6d7VK/TKvowiHcAQn4MI51OEGGtAEAo/wDK/wZj1ZL9a79TEfLVj5zgH8gfX5A9r7kww=</latexit>

M5 = M6 = �3

2
M7

<latexit sha1_base64="6+xhg92XpLdFvQFM5iqCwkbMnRs=">AAACInicbVDLSsNAFJ3UV62vqEs3g0VwY0latQoKBTduhAr2AU0Ik+mkHTp5MDMRSsi3uPFX3LhQ1JXgxzhps6itBwbOPede5t7jRowKaRjfWmFpeWV1rbhe2tjc2t7Rd/faIow5Ji0cspB3XSQIowFpSSoZ6UacIN9lpOOObjK/80i4oGHwIMcRsX00CKhHMZJKcvRLy0dyiBFL7lLnDF7D2fpc1SeWxxFOamlSTWe9uqOXjYoxAVwkZk7KIEfT0T+tfohjnwQSMyREzzQiaSeIS4oZSUtWLEiE8AgNSE/RAPlE2MnkxBQeKaUPvZCrF0g4UWcnEuQLMfZd1ZktKea9TPzP68XSu7ATGkSxJAGefuTFDMoQZnnBPuUESzZWBGFO1a4QD5GKRKpUSyoEc/7kRdKuVsxaxbg/LTeu8jiK4AAcgmNggjpogFvQBC2AwRN4AW/gXXvWXrUP7WvaWtDymX3wB9rPL1JAo4U=</latexit>

MI =< n|QI |n >
<latexit sha1_base64="VEmCOrLguy5uwOcCb5zO9hLUgLI=">AAACDXicbVDLSgMxFM3UV62vqks3wSq4KjMq6KJKwY1dCC3YB7RlyKSZNjSTDElGKNP+gBt/xY0LRdy6d+ffmGlnoa0HAodzz72593gho0rb9reVWVpeWV3Lruc2Nre2d/K7ew0lIolJHQsmZMtDijDKSV1TzUgrlAQFHiNNb3iT1JsPRCoq+L0ehaQboD6nPsVIG8nNH3UCpAcYsfhu4lbgFSx1hPEn42I+Gdfcyphfu/mCXbSngIvESUkBpKi6+a9OT+AoIFxjhpRqO3aouzGSmmJGJrlOpEiI8BD1SdtQjgKiuvH0mgk8NkoP+kKaxzWcqr87YhQoNQo840x2V/O1RPyv1o60f9mNKQ8jTTiefeRHDGoBk2hgj0qCNRsZgrCkZleIB0girE2AOROCM3/yImmcFp2zol07L5RLaRxZcAAOwQlwwAUog1tQBXWAwSN4Bq/gzXqyXqx362NmzVhpzz74A+vzB0vsm64=</latexit>

              matrix elements                                 further constrained by symmetrynn

Mn�n =
1

⇤5
BSM

2

4
X

I=1,2,3

eCIMI +
v2

⇤2
BSM

X

I=1,2,3,5

eCP
I MP

I +
v4

⇤4
BSM

eC5M5

3

5

<latexit sha1_base64="X4rXEWkeOzvxiIT+4IveWJ8HQ2w="></latexit>

v = Higgs VEV
<latexit sha1_base64="92sQx5kzwmNmCC37Ks8ogCec7Oc=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KooAeFggg9VrBpoQ1ls92kSzcf7E5KS8hf8eJBEa/+EW/+G7dtDlp9MPB4b4aZeV4iuALL+jJKa+sbm1vl7crO7t7+gXlYdVScSsraNBax7HpEMcEj1gYOgnUTyUjoCdbxxndzvzNhUvE4eoRZwtyQBBH3OSWgpYFZndz2gU0ha/IgUNi5d/KBWbPq1gL4L7ELUkMFWgPzsz+MaRqyCKggSvVsKwE3IxI4FSyv9FPFEkLHJGA9TSMSMuVmi9tzfKqVIfZjqSsCvFB/TmQkVGoWerozJDBSq95c/M/rpeBfuxmPkhRYRJeL/FRgiPE8CDzkklEQM00IlVzfiumISEJBx1XRIdirL/8lznndvqhbD5e1xk0RRxkdoxN0hmx0hRqoiVqojSiaoif0gl6N3Hg23oz3ZWvJKGaO0C8YH9+pk5Qq</latexit>

3 dominant matrix elements

1 subdominant matrix element

M1, M2, M3
<latexit sha1_base64="xDNpqV02+7/LRcM8R4YEK+2PvRw=">AAACFnicbVDLSsNAFL2pr1pfUZduBovgQkvSCrpwUXDjRqhgH9CEMJlO26GTBzMToYR+hRt/xY0LRdyKO//GSZtFbT0wcO459zL3Hj/mTCrL+jEKK6tr6xvFzdLW9s7unrl/0JJRIghtkohHouNjSTkLaVMxxWknFhQHPqdtf3ST+e1HKiSLwgc1jqkb4EHI+oxgpSXPPHcCrIYE8/Ru4tlnDpqvqwt1zTPLVsWaAi0TOydlyNHwzG+nF5EkoKEiHEvZta1YuSkWihFOJyUnkTTGZIQHtKtpiAMq3XR61gSdaKWH+pHQL1Roqs5PpDiQchz4ujNbUi56mfif101U/8pNWRgnioZk9lE/4UhFKMsI9ZigRPGxJpgIpndFZIgFJkonWdIh2IsnL5NWtWLXKtb9Rbl+ncdRhCM4hlOw4RLqcAsNaAKBJ3iBN3g3no1X48P4nLUWjHzmEP7A+PoFaBee3Q==</latexit>

M5
<latexit sha1_base64="1DHDB7RagrHdUrTx9rZ4DWXsvtA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QBcuCm7cCBXsA9qhZNJMG5pJxiRTKEO/w40LRdz6Me78GzPtLLT1QOBwzr3ckxPEnGnjut9OYWV1bX2juFna2t7Z3SvvHzS1TBShDSK5VO0Aa8qZoA3DDKftWFEcBZy2gtFt5rfGVGkmxaOZxNSP8ECwkBFsrOR3I2yGBPP0ftq77JUrbtWdAS0TLycVyFHvlb+6fUmSiApDONa647mx8VOsDCOcTkvdRNMYkxEe0I6lAkdU++ks9BSdWKWPQqnsEwbN1N8bKY60nkSBncxC6kUvE//zOokJr/2UiTgxVJD5oTDhyEiUNYD6TFFi+MQSTBSzWREZYoWJsT2VbAne4peXSfOs6p1X3YeLSu0mr6MIR3AMp+DBFdTgDurQAAJP8Ayv8OaMnRfn3fmYjxacfOcQ/sD5/AG1DJIH</latexit>

In isospin limit:

Rinaldi, Sryitsyn, MW et al, PRD 99 (2019)
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The Neutron

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

Neutron correlation function: path integral with neutron source/sink separated 
in Euclidean (imaginary) time

Neutron mass extracted by fitting  
to spectral representation

Path integrals evaluated by Monte 
Carlo sampling field configurations

Gn(t) = Z0e
�Mnt + Z1e

�(Mn+�n)t + . . .
<latexit sha1_base64="N+BE5p8NdWXiTOWnPa+fQKn/gnQ="></latexit>

Gn(t) =

Z
DqDqDU e�SQCD

X

x

n(x, t) n(0, 0)
<latexit sha1_base64="0vsan3NMBjKeHSzhvxOHW3Zq0/k=">AAACdHicbVFNT+MwEHUCy0dhlwKHPcDBUCG1ElQJIMGBlZBA2j2CoIDUdCPHdcDCcYI9QVSWf8H+u73xM/ayZ5xSQfkYydLze2/GM+OkEFxDEDx6/sTkl6npmdna3PzXbwv1xaULnZeKsg7NRa 6uEqKZ4JJ1gINgV4ViJEsEu0xujyr98p4pzXN5DoOC9TJyLXnKKQFHxfU/P2PZhBb+gSMuAUcZgRtKhDm2Ue7yqrLmzo7Rd2O4gyPMfputs9icHh1bG+FIl1lshpYkNQ/WYtl8vW1Cy1le6kr7ogV2M2jF9UbQDoaBP4JwBBpoFCdx/W/Uz2mZMQlUEK27YVBAzxAFnApma1GpWUHoLblmXQclyZjumeHSLN5wTB+nuXLHTT5kxzMMybQeZIlzVk3q91pFfqZ1S0j3e4bLogQm6fNDaSkw5Lj6AdznilEQAwcIVdz1iukNUYSC+6eaW0L4fuSP4GK7He60g9PdxuHBaB0zaAWtoyYK0R46RL/QCeogiv553z3srXn//VW/4W88W31vlLOM3oTffgIYt79I</latexit>

Physical quark mass configurations
Blum et al (RBC, UKQCD), PRD 93 (2016)

Mn(t) = �@t lnGn(t)
<latexit sha1_base64="X6RVihUTcCF7Wa0ErEFMLmctdlY=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4MQC8OuClooBCy0ESKYB2TDMjuZJENmZ5eZu0IIKW38FRsLRWz9BDv/xtnNFho9cOFwzr0z9x4/ElyDbX9Zubn5hcWl/HJhZXVtfaO4udXQYawoq9NQhKrlE80El6wOHARrRYqRwBes6Q8vE795z5TmobyDUcQ6AelL3uOUgJG84u6NJ8twgC/woRsRBZwID7ArJL5KDa9Ysit2CvyXOBkpoQw1r/jpdkMaB0wCFUTrtmNH0BknT1PBJgU31iwidEj6rG2oJAHTnXF6yATvG6WLe6EyJQGn6s+JMQm0HgW+6QwIDPSsl4j/ee0YemedMZdRDEzS6Ue9WGAIcZIK7nLFKIiRIYQqbnbFdEAUoWCyK5gQnNmT/5LGUcU5rti3J6XqeRZHHu2gPVRGDjpFVXSNaqiOKHpAT+gFvVqP1rP1Zr1PW3NWNrONfsH6+AaowpfR</latexit>

Effective mass:

Point-Point
Point-Smeared

0.0 0.5 1.0 1.5

0.6

0.8

1.0

1.2

1.4

1.6

t (fm)

M
n
(G
eV

)

Mn = 977(42)(13) MeV
<latexit sha1_base64="G4mxKkYCfpqTyH7DfPYvtKRWZxE=">AAACBXicbVA9SwNBEN3zM8avqKUWi0FImnAXhcRCCNjYBCKYKCQh7G0myeLe3rE7J4YjjY1/xcZCEVv/g53/xs1HocYHA4/3ZpiZ50dSGHTdL2dhcWl5ZTW1ll7f2NzazuzsNkwYaw51HspQ3/jMgBQK6ihQwk2kgQW+hGv/9nzsX9+BNiJUVziMoB2wvhI9wRlaqZM5qHYUPaOnpVLupJjPecf5FsI9JrQKjVEnk3UL7gR0nngzkiUz1DqZz1Y35HEACrlkxjQ9N8J2wjQKLmGUbsUGIsZvWR+alioWgGknky9G9MgqXdoLtS2FdKL+nEhYYMww8G1nwHBg/npj8T+vGWOv3E6EimIExaeLerGkGNJxJLQrNHCUQ0sY18LeSvmAacbRBpe2IXh/X54njWLBOy64lyfZSnkWR4rsk0OSIx4pkQq5IDVSJ5w8kCfyQl6dR+fZeXPep60Lzmxmj/yC8/EN7lyVpg==</latexit>

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



      Matrix Elements

Ratio of        and neutron correlation functions gives matrix elements plus 
excited state effects

nn
       correlation function includes        between (anti)neutron source and sink

nn

QI
<latexit sha1_base64="xZNP+Fzq1lvQ6ngxCLq2S2dWbzU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYKNdguYDkiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFRp9MPB4b4aZeUEiuDau++UUVlbX1jeKm6Wt7Z3dvfL+QUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH45uZ335EpXksH8wkQT+iQ8lDzqix0n2jf9cvV9yqOwf5S7ycVCBHvV/+7A1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3VKTqwyIGGsbElD5urPiYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mwy4QmbExBLKFLe3EjaiijJj0ynZELzll/+S1lnVO6+6jYtK7TqPowhHcAyn4MEl1OAW6tAEBkN4ghd4dYTz7Lw574vWgpPPHMIvOB/f83ONjQ==</latexit>

nn

Gnn
I (t, ⌧)

Gn(t)
= MI +AIe

��nt + BIe
��n⌧ + CIe��n(t�⌧)

<latexit sha1_base64="P7UwaScNMIHb36eoR0TfUgL+Bp4="></latexit>
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Gnn
I (t, ⌧) =

Z
DqDqDUe�SQCD

X

x,y

n(x, t� ⌧) Q†
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)



Blum et al (RBC, UKQCD), PRD 93 (2016)
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Non-Perturbative Renormalization
Lattice regularized operators require renormalization 
RI/MOM scheme convenient for LQCD matrix elements 

ZRI
q (μ)3ZRI

IJ (μ)ΛJ(μ) = Λtree
I (μ)

Vertex function

Quark field 
renormalization

Matrix of renormalization 
factors diagonal up to

Martinelli et al, Nucl Phys B445 (1995)

10�3
<latexit sha1_base64="H5WvWDvdbiE7EgkVvRCJLV4xN7w=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBsDHdG0MIiYGMZwXxAcoa9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpAIro3rfjsrq2vrG5uFreL2zu7efungsKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Ubz2h0jyWD2acoB/RgeQhZ9RYqeW5j9l5ddIrld2KOwNZJl5OypCj3it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bnTshp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ITXfsZlkhqUbL4oTAUxMZn+TvpcITNibAllittbCRtSRZmxCRVtCN7iy8ukeVHxqhX3/rJcu8njKMAxnMAZeHAFNbiDOjSAwQie4RXenMR5cd6dj3nripPPHMEfOJ8/PU+O0w==</latexit>

Negligible mixing from quark 
mass effects, lattice artifacts, 
non-perturbative            
violation

U1(A)
<latexit sha1_base64="jv02fieFqyfyPn1ETVeN91U/Y5c=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoMQm3CnghYWERvLCF4SSI6wt9lL1uztHrt7QjjyH2wsFLH1/9j5b9wkV2jig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D5papopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqd+q0nqjST4sGMExrEeCBYxAg2Vmr6Pa96c9orV9yaOwNaJl5OKpCj0St/dfuSpDEVhnCsdcdzExNkWBlGOJ2UuqmmCSYjPKAdSwWOqQ6y2bUTdGKVPoqksiUMmqm/JzIcaz2OQ9sZYzPUi95U/M/rpCa6CjImktRQQeaLopQjI9H0ddRnihLDx5Zgopi9FZEhVpgYG1DJhuAtvrxMmmc177zm3l9U6td5HEU4gmOoggeXUIc7aIAPBB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+ACSPjik=</latexit>

log10Z
RI
IJ

<latexit sha1_base64="gSDBHrCL88xN69uDvczXcaMeWts=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCrosurGuqtgLtjFMptN26CQTZk7EEgJufBU3LhRx60u4822ctllo6w8DH/85hzPn9yPOFNj2t5Gbm19YXMovF1ZW19Y3zM2tuhKxJLRGBBey6WNFOQtpDRhw2owkxYHPacMfnI/qjXsqFRPhDQwj6ga4F7IuIxi05Zk7baAPkHDRS73EsdPbu+S6orFymXpm0S7ZY1mz4GRQRJmqnvnV7ggSBzQEwrFSLceOwE2wBEY4TQvtWNEIkwHu0ZbGEAdUucn4htTa107H6gqpXwjW2P09keBAqWHg684AQ19N10bmf7VWDN1TN2FhFAMNyWRRN+YWCGsUiNVhkhLgQw2YSKb/apE+lpiAjq2gQ3CmT56F+mHJOSrZV8fF8lkWRx7toj10gBx0gsroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/2R8fkDYQyX+Q==</latexit>

Rinaldi, Sryitsyn, MW et al, PRL 122 (2019)
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One-Loop Matching
One-loop running (leading log):

One-loop matching (next-to-leading-log) from finite parts of computed using 
same RI/MOM scheme as non-perturbative renormalization

15 one-loop diagrams in 3 topologies

All topologies identical to four-quark weak matrix element diagrams with a 
pair of spectator quarks, integrals can be checked against literature

Caswell and Milutinovic, Phys. Lett. 122B (1983)

Buchoff, MW et al, PRD 96 (2016)

https://inspirehep.net/author/profile/Milutinovic%2C%20Janko?recid=182541&ln=en
https://inspirehep.net/author/profile/Milutinovic%2C%20Janko?recid=182541&ln=en
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Two-Loop Running

350 two-loop diagrams in 46 topologies. Several new to literature

Evanescent operators (zero in D=4 but present in dimensional regularization) 
lead to non-flavor-blind counterterms unusual in QCD

O(αs(ΛBSM))

Two-loop running (next-to-leading-log)

Buchoff, MW et al, PRD 96 (2016)



• Statistics 

• Excited states 

• Discretization effects  

• Finite volume 

• Quark mass dependence 

• Non-perturbative renormalization 

• 1-loop RG evolution 

• 2-loop RG evolution 

• 1-loop renorm scheme matching

Caswell and Milutinovic, Phys. Lett. 122B (1983)

19

      Error Budget (    )nn

Bijnens and Kofoed, Eur Phys J C 77 (2017)

• 27% uncertainty 

• 4% uncertainty 

• 3% estimated uncertainty 

• 1% estimated uncertainty 

• 1% estimated uncertainty
(isospin breaking)

Q1

µ = 2 GeV ! ⇤BSM = 700 TeV
<latexit sha1_base64="Tt4IePTQS/vorGBYDKU1gv77plk="></latexit>

µ = 2 GeV ! ⇤BSM = 700 TeV
<latexit sha1_base64="Tt4IePTQS/vorGBYDKU1gv77plk="></latexit>

• 57% effect 

• 36% effect 

• 9% effect 

• 8% effect

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

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

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

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

Buchoff, MW et al, PRD 96 (2016)

Buchoff, MW et al, PRD 96 (2016)

https://inspirehep.net/author/profile/Milutinovic%2C%20Janko?recid=182541&ln=en
https://inspirehep.net/author/profile/Milutinovic%2C%20Janko?recid=182541&ln=en
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QCD       Resultsnn

Standard Model EFT:

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>

 
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:

Rinaldi, Sryitsyn, MW et al, PRL 122 (2019)
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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                                                 BSM Higgs mass/coupling 
lower bound 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)



Future experiments at ESS will significantly improve direct bounds on
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Experimental Outlook

τnn ≳ 1.8 × 108

τnn

τnn

DUNE and Hyper-K will improve bounds on B-L violation in nuclei

Abi et al (DUNE), arXiv 1807.10334



Single-nucleon EFT used to determine finite-volume effects on

At the hadronic level,                interactions lead to a Majorana mass 
term for the neutron

      in EFT

τnn ≳ 1.8 × 108

τnn

23

nn

L(2)
|�B|=2 = ��m nc†n+ h.c. + . . .

<latexit sha1_base64="utD+ZNQPSYOn9GK3+6HjTzzlImg="></latexit>

|�B| = 2

<latexit sha1_base64="jtO5DA2Xa390/I9dg9kJHEXlVRQ=">AAAB83icbVBNSwJRFH1jX2ZfVss2jyRoJTMiVItArEVLgzTBGeTN844+fPPBe3cCUf9GmxZFtO3PtOvf9NRZlHbgwuGce7n3Hj+RQqNtf1u5tfWNza38dmFnd2//oHh41NJxqjg0eSxj1faZBikiaKJACe1EAQt9CY/+8GbmPz6B0iKOHnCUgBeyfiQCwRkayZ24tyCR0frkutItluyyPQddJU5GSiRDo1v8cnsxT0OIkEumdcexE/TGTKHgEqYFN9WQMD5kfegYGrEQtDee3zylZ0bp0SBWpiKkc/X3xJiFWo9C33SGDAd62ZuJ/3mdFINLbyyiJEWI+GJRkEqKMZ0FQHtCAUc5MoRxJcytlA+YYhxNTAUTgrP88ippVcpOtXx1Xy3V6lkceXJCTsk5ccgFqZE70iBNwklCnskrebNS68V6tz4WrTkrmzkmf2B9/gAKK5EN</latexit>

⌧
�1
nn =< n|Hnn|n >= �m+ . . .

<latexit sha1_base64="P25qjRfdo7xFUhDNcjGQl2UQR1Q="></latexit>

            oscillation rate can be identified with Majorana massnn

MI

<latexit sha1_base64="fx0uLhuX8WekqZVz0Q/52+w/DlU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoIKLghtdCBXsA9qhZNJMG5pJxiRTKEO/w40LRdz6Me78GzPtLLT1QOBwzr3ckxPEnGnjut9OYWV1bX2juFna2t7Z3SvvHzS1TBShDSK5VO0Aa8qZoA3DDKftWFEcBZy2gtFN5rfGVGkmxaOZxNSP8ECwkBFsrOR3I2yGBPP0ftq765UrbtWdAS0TLycVyFHvlb+6fUmSiApDONa647mx8VOsDCOcTkvdRNMYkxEe0I6lAkdU++ks9BSdWKWPQqnsEwbN1N8bKY60nkSBncxC6kUvE//zOokJL/2UiTgxVJD5oTDhyEiUNYD6TFFi+MQSTBSzWREZYoWJsT2VbAne4peXSfOs6p1Xrx7OK7XrvI4iHMExnIIHF1CDW6hDAwg8wTO8wpszdl6cd+djPlpw8p1D+APn8wfWkpIl</latexit>

Bijnens and Kofoed, Eur Phys J C 77 (2017)

                 corrections arise from pion loops, including couplings to 
(non-chiral-singlet) operator insertions

O(m2
⇡/⇤

2
�)

<latexit sha1_base64="pTJr9gH2GLyM9B4BGc4SpIi/35I=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpialoIKLghsXghXsA5oYJpNpO3QyCTMToYR+gRt/xY0LRdy6duffOGmz0NYDA4dz7r1z7/FjRqWyrG9jaXlldW29sFHc3Nre2TX39tsySgQmLRyxSHR9JAmjnLQUVYx0Y0FQ6DPS8UeXmd95IELSiN+pcUzcEA047VOMlJY8s+yESA0xYunNpBJ6Tkzva/AEOtd6RIA8Bw+1cOyZJatqTQEXiZ2TEsjR9MwvJ4hwEhKuMENS9mwrVm6KhKKYkUnRSSSJER6hAelpylFIpJtOz5nAslYC2I+EflzBqfq7I0WhlOPQ15XZ8nLey8T/vF6i+mduSnmcKMLx7KN+wqCKYJYNDKggWLGxJggLqneFeIgEwkonWNQh2PMnL5J2rWrXq+e39VLjIo+jAA7BEagAG5yCBrgCTdACGDyCZ/AK3own48V4Nz5mpUtG3nMA/sD4/AFpDpsN</latexit>

+

<latexit sha1_base64="fuFwVJYDt05JMPrEG5WUjuJ0Wjg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXAip4CHjxmIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+Mk2YMmFjQUVd10dwWJ4Nq47reTW1vf2NzKbxd2dvf2D4qHR00dp4phg8UiVu2AahRcYsNwI7CdKKRRILAVjO5mfusJleaxfDDjBP2IDiQPOaPGSvWLXrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NDp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzL4mfa6QGTG2hDLF7a2EDamizNhsCjYEb/nlVdK8LHuV8k29UqreZnHk4QRO4Rw8uIIq3EMNGsAA4Rle4c15dF6cd+dj0Zpzsplj+APn8wdzl4y1</latexit>

+
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τnn ≳ 1.8 × 108

τnn
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L(4)
|�B|=2 = i eB0

⇥
(NTPiN)†(N cT ⌧2Y �

i N)� h.c.
⇤
+ . . .
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In the two-nucleon sector, B-L violating interactions lead to additional   
contact operator

Oosterhof, Long, de Vries, Timmermans, van Kolck, PRL 122 (2019)

Intranuclear        in EFTnn

Deuteron decay rate calculated through optical theorem

�d = �(�m)2
mN


Im[anp]

 
1 + 0.47� (� µ)Im[ eB0]p

2⇡�m Im[anp]

!

<latexit sha1_base64="IThlex1LI6LmZK06emorQKMhioQ="></latexit>

⇡ �(�m)2
mN


Im[anp] (1.47± 0.4)
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EFT result determines nuclear suppression factor

Deuteron decay

τnn ≳ 1.8 × 108

τnn

Oosterhof, Long, de Vries, Timmermans, van Kolck, PRL 122 (2019)
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Rd ⌘ ��1
d /⌧2nn
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= (1.1± 0.3)⇥ 1022s�1
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Combining with LQCD result,

experimental constraints on deuteron lifetime can be used to constrain 
parameters of BSM theories of B-L violation

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

Result ~2x smaller than previous optical potential models

Dover, Gal, Richard PRD 27 (1983)



Experimental constraints on deuteron lifetime 
obtained from SNO

Deuteron decay searches

τnn ≳ 1.8 × 108

τnn

⌧nn > 1.6⇥ 108 s
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SNO + EFT + LQCD:

��1
d > 1.18⇥ 1031 years

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

SNO + EFT:

SNO

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

⇤BSM

(�f3evB�L)1/5
> 439 TeV
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Rinaldi, Sryitsyn, MW et al, PRL 122 (2019) 

Oosterhof, Long, de Vries, Timmermans, van Kolck, PRL 122 (2019)

*However, see Haidenbauer, Ulf-G. Meißner, Chinese Physics C 44 (2020)

https://arxiv.org/search/hep-ph?searchtype=author&query=Haidenbauer%2C+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Haidenbauer%2C+J


Oxygen decay searches

τnn ≳ 1.8 × 108

τnn

Super K constraint

Friedman, Gal, PRD 78 (2008)

Nuclear optical potential model

Super K + optical potential  
+ LQCD:

Super K + optical potential

Super K

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

Super K extracts stronger but more theoretically uncertain 
bounds from oxygen decay

��1
O16 > 19⇥ 1031 years

<latexit sha1_base64="5Idi2+2CyAdN20ijr5kvuChvnYs="></latexit>

⌧nn & 2.7⇥ 108 s
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⇤BSM

(�f3evB�L)1/5
& 480 TeV

<latexit sha1_base64="UK11M5Sg2TZ6KwAd31DizNTDOEA="></latexit>
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RO ⇡ 5.17⇥ 1022 s�1
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Rinaldi, Sryitsyn, MW et al, PRL 122 (2019) 
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Argon decay searches

τnn ≳ 1.8 × 108

τnn

Understanding nuclear effects on in-medium         oscillations essential for 
reliably interpreting future searches for B-L violation in nuclei

Dominant                   decays have clear 
multi-pion signatures at DUNE

DUNE and Hyper-K will probe B-L violation in nuclei at even higher scales

|ΔB | = 2

|ΔB | = 2|ΔB | = 1

Argon nuclear suppression factor 
computed in optical potential model

RAr ⇠ 5.6⇥ 1022 s�1
<latexit sha1_base64="4ivu1yDQBeNRi/D6bS1X/JCxugw=">AAACF3icbZC7TsMwFIadcivlFmBksaiQWIiSch0YilgYC6ItUpNWjuu2Vp2L7BNEFeUtWHgVFgYQYoWNt8G9DNDyS5Z+feccHZ/fjwVXYNvfRm5ufmFxKb9cWFldW98wN7dqKkokZVUaiUje+UQxwUNWBQ6C3cWSkcAXrO73L4f1+j2TikfhLQxi5gWkG/IOpwQ0apnWTSu9kBl2FQ/wsXWCXeABU9ixm2mppLkG7AFSlTXTAydrmUXbskfCs8aZmCKaqNIyv9x2RJOAhUAFUarh2DF4KZHAqWBZwU0Uiwntky5raBsSvdxLR3dleE+TNu5EUr8Q8Ij+nkhJoNQg8HVnQKCnpmtD+F+tkUDnzEt5GCfAQjpe1EkEhggPQ8JtLhkFMdCGUMn1XzHtEUko6CgLOgRn+uRZUytZzqFlXx8Vy+eTOPJoB+2ifeSgU1RGV6iCqoiiR/SMXtGb8WS8GO/Gx7g1Z0xmttEfGZ8/GoCeAg==</latexit>

J. Hewes, PhD Thesis (2017)Barrow, Golubeva, Paryev, Richard, PRD 101 (2020)

nn
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Nuclear effects governed by QCD matrix elements of same operator basis 
with appropriate initial / final nuclear states

Nuclear matrix elements in LQCD

MI,↵(N,Z) = hN � 2, Z,↵|QI |N,Zi

<latexit sha1_base64="iM1kpN/Wr4CaMz80vhzloCYUgNc="></latexit>

In principle, LQCD calculations of nuclear matrix elements can be 
performed similarly to nucleon matrix elements

Practical challenges — computational complexity of Wick contractions, 
low-lying excited states, signal-to-noise problem, …



4) Compute physical 
reaction in EFT1) Simulate finite-

volume nuclear 
response to 
external current in 
LQCD

2) Calculate the same 
finite-volume response 
in EFT 

                   
3) Fix EFT input 

parameters by 
demanding that EFT 
results match LQCD 
results

L1A = 3.9(0.2)(1.0)(0.4)(0.9)

Savage et al [NPLQCD] 
PRL 119 (2017) 

Butler, Chen, PLB 520 (2001)
Kong, Ranvdal, PRC 64 (2001)

⌫e

⌫e

⌫e

pp fusion in LQCD

W. Detmold



4) Compute physical 
reaction in EFT

1) Simulate finite-
volume nuclear 
response to two 
external currents in 
LQCD

2) Calculate finite-volume 
response in EFT  

3) Fix EFT input 
parameters by 
demanding that EFT 
results match LQCD 
results

Shanahan et al [NPLQCD] 
PRL 119 (2017) 

Tiburzi et al [NPLQCD] 
PRD 96 (2017) 

H2S = 4.7(1.3)(1.8) fm

⌫e = ⌫e

⌫e = ⌫e

⌫e = ⌫e

         in LQCD2νββ
See talk by Z. Davoudi tomorrow



Intranuclear        in LQCD

τnn ≳ 1.8 × 108

τnn

32

nn
Challenge: relevant decay modes involve multi-

pion final states, even for deuteron

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



Intranuclear        in LQCD

τnn ≳ 1.8 × 108

τnn
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nn
Challenge: relevant decay modes involve multi-

pion final states, even for deuteron

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

Finite-volume effects for multi-hadron scattering states complicated

Finite-volume formalism for         scattering states recently developed, 
extensions to matrix elements and            states active research

Lellouch Lüscher, Commun. Math. Phys. 219 (2001) Briceño, Hansen, PRD 94 (2016)… …

Review: Hansen, Sharpe, Ann. Rev. Nucl. Part. Sci. 69 (2019)

3⇡
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MI,⇡+⇡0⇡0(1, 1) =
⌦
⇡+⇡0⇡0

��QI |di
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B-L violation from QCD to nuclei

τnn ≳ 1.8 × 108

τnn
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Experimentally irrelevant matrix elements can still be matched between 
LQCD and EFT / nuclear many-body in order to constrain LECs

e.g. Shanahan et al [NPLQCD], PRL 119 (2017) 

Can this be done for B-L violating deuteron matrix elements? e.g.

LQCD calculation challenging, but formalism exists

Can LQCD constrain          or nuclear many-body models of B-L violation?eB0
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τnn ≳ 1.8 × 108

τnn
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Conclusions

LQCD + SMEFT relate the        oscillation time to fundamental parameters 
of B-L violating new physics theories with quantified uncertainties

Nuclear EFT + LQCD + SMEFT relate the deuteron 
decay rate to fundamental parameters of B-L 
violating new physics

Future nuclear EFT + LQCD studies could improve 
uncertainty quantification in B-L violating decays of 
larger nuclei

nn


