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Nucleon decay - why does it matter?
What happens to the Standard Model at very high energies?

SU(3)C × SU(2)L × U(1)Y < ???

• Theory predicts Standard Model gauge group must be embedded 
in a larger structure (Landau pole ~ triviality)

• Proton decay generically predicted, but rate is model dependent
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Nucleon decay - why does it matter?

Why are there so many quarks left after the early universe? 

What happens to the Standard Model at very high energies?

• Theory predicts Standard Model gauge group must be embedded 
in a larger structure (Landau pole ~ triviality)

SU(3)C × SU(2)L × U(1)Y < ???

• Proton decay generically predicted, but rate is model dependent

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

Planck, Astron. Astrophys. 641, A1 (2020) 

⌘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

⌘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



Matter           Antimatter
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Leptogenesis
uLdL
dL

cL

sL

sL

bLbL tL

ντ

νμ

νeStandard Model processes can convert 
antileptons into quarks 

Incredibly rare at low energies, but should 
equilibrate in early universe

Fukugita, Yanagida, Phys. Lett. B 174 (1986)

↔

’t Hooft, PRL 37 (1976) 

 and  asymmetries from Majorana 
neutrinos converted to  asymmetry

B − L CP
B

Electroweak sphaleron
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Leptogenesis
uLdL
dL

cL

sL

sL

bLbL tL

ντ

νμ

νe

Fukugita, Yanagida, Phys. Lett. B 174 (1986)

↔
Electroweak sphaleron

Post-sphaleron baryogenesis

Some BSM theories include scalars coupled to diquarks, 
e.g. left-right symmetric models:

uR

uR

dR dR

dR

dR φ

Out-of-equilibrium scalar decays could source baryon 
asymmetry at relatively low energy scales 

Babu, Mohapatra, Nasi, PRL 97 (2006)
Mohapatra, Marshak, PRL 44 (1980), …

Standard Model processes can convert 
antileptons into quarks 

Incredibly rare at low energies, but should 
equilibrate in early universe

’t Hooft, PRL 37 (1976) 

 and  asymmetries from Majorana 
neutrinos converted to  asymmetry

B − L CP
B

<latexit sha1_base64="6WAOg1V9AYxjz2YnadGTKvFvHOs="></latexit>

L → yωε ω (qiωR CqjεR )εij + . . .



Testing post-sphaleron baryogensis?
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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>

Same diagram involved in baryon asymmetry 
leads to neutron-antineutron oscillations

• Constraints including measured  lead to 
testable predictions for  transition rate

ηB
nn

Experimental searches are starting to reach allowed PSB theory parameter space

Linyan Wan, INT-25-91W

Abe et al [SuperK], 
PRD 103 (2021)

Babu, Dev, Fortes, Mohapatra, PRD 87 (2013)



Predicting new physics signatures
Standard Model EFT can be used to organize generic BSM signatures
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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>



Standard Model EFT can be used to organize generic BSM signatures
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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

Sphaleron 
washout (?)

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

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>

Heeck, Takhistov, PRD 101 (2020), …

Predicting new physics signatures



Standard Model EFT can be used to organize generic BSM signatures

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>

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

Sphaleron 
washout (?)

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

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>

Heeck, Takhistov, PRD 101 (2020), …

Predicting new physics signatures



 transition / oscillation phenomenology similar to meson, neutrino oscillations nn

6

Experimental constraints on nn

Pnn = sin2(t/⌧nn)e
��nt

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

Compute with lattice QCD
<latexit sha1_base64="pkVwIfgJDdChnhFudt8AV4OmMCY="></latexit>

ω→1
nn → ↑n|uddudd|n↓

!5
BSM Infer scale of new physics

Measure  
transition rate

nn

Measured  rate + QCD theory input needed to constrain BSM physics parametersnn



 transition / oscillation phenomenology similar to meson, neutrino oscillations nn

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

6

Experimental constraints on nn

Institut Laue-Langevin (ILL)

Pnn = sin2(t/⌧nn)e
��nt

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

Clean experimental setup using shielded beam of cold neutrons (theorist’s cartoon):

Compute with lattice QCD
<latexit sha1_base64="pkVwIfgJDdChnhFudt8AV4OmMCY="></latexit>

ω→1
nn → ↑n|uddudd|n↓

!5
BSM Infer scale of new physics

Measure  
transition rate

nn

Measured  rate + QCD theory input needed to constrain BSM physics parametersnn
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Future experiments at the European Spallation Source could increase sensitivity to    
by one (HIBEAM) to three (NNBAR) orders of magnitude 

τ−2
nn

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

Courtesy John Womersley

New constraints on nn

• Science runs starting in 2027, further 
upgrades needed for NNBAR

NNBAR CDR: Santoro et al, 
J. Neutron Res 25 (2023)
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Lattice QCD enables nonperturabtive calculations of QCD path integrals numerically

nn

Lattice QCD in a nutshell

Quark fields integrated out 
analytically, propagators 
obtained with matrix inversion

• Dirac matrix size ~ 109 × 109

Monte Carlo sample gluon fields 
with probability ∝ e−SQCD

<latexit sha1_base64="iJXhNVeLMaw5dm+GAE8Q5i2H+kY="></latexit>

→O↑ =

∫
DUDqDq e→SQCD(U,q,q)

O(U, q, q)

<latexit sha1_base64="weQoGN2/25tL3K3tU0LY2oK0510="></latexit>

→
1

Ncfg

Ncfg∑

i=1

O(Ui)

Finite volume + non-zero lattice spacing

finite number of integrals to compute

<latexit sha1_base64="h0GUnb6PX3RmcLzGpPhqjniKXHA="></latexit>

Dq →
4∏

µ=1

(L/a)→1∏

xµ=0

dq(x)
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nn        and LQCD
High-scale new physics can be parametrized in SM EFT:

L9 =
1

⇤5
BSM

X

I

CMS
I (⇤BSM )QMS

I (⇤BSM )
<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. multi-state fits

Three-point correlation functions involving         computable in LQCD

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, ⌧) =

Z
DqDqDUe�SQCD

X

x,y

n(x, t� ⌧) Q†
I(0) n(y,�⌧)

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

Rinaldi, Sryitsyn, MW et al, PRL 122 (2019); PRD 99 (2019)

<latexit sha1_base64="ROrsooMgaYwK347iXDIp1Gx3ZWg="></latexit>

Q1 → (ui
RCdjR)(u

k
RCdlR)(d

m
RCdnR)T

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

      ~physical quark masses

      nonperturbative renormalization 

      1 lattice spacing / volume
FV ChEFT: Bijens, Kofoed, Eur Phys J C (2017)

      2-loop perturbative renormalization 
Buchoff, MW, PRD 93 (2016) 
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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)
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<latexit sha1_base64="+9MSRWCMa1dxFhh0dqr+O1jRnoY="></latexit>

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



Abratenko et al [MicroBooNE] JINST 19 (2024)

 violation in nucleiB
Future large-volume detectors such as DUNE 

and Hyper-Kamiokande will provide new 
discoveries or limits for intranuclear , 
proton decay, …

nn

Intranuclear  simulationnn

Getting from experiments involving nuclei to 
constraints on BSM requires theory: 

• Nuclear models (error bars?)  

• Direct LQCD calculations (computation?) 

• LQCD informed hadronic and nuclear 
effective theories

DUNE

12
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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

Proton decay

Long history of experimental searches for 
decay modes with clean signatures

⌧/Br(p ! e+⇡0) > 1.6⇥ 1034 years

<latexit sha1_base64="W4JUUutqcLO85TjK7EnZr4UWSf0="></latexit>

<latexit sha1_base64="Q2yqKlnhaAq+8pHhd96jfdec3xk="></latexit>

ω/Br(p → εK+) > 5.9↑ 1033 years

Abe et al [Super K], PRD 95 (2017)

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

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

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



Proton decay and LQCD

14

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)



Proton decay in nuclei

15

Nuclear effective theories can describe intranuclear proton decay as 
single-nucleon operator insertions plus corrections from correlations

Most effects of local three-quark operators 
captured by single-nucleon  vertexΔB = 1

Oosterhof, de Vries, Timmermans, van Kolck, PLB 820 (2021)

Effects of nucleon-nucleon correlations on 
e.g. deuteron lifetime computed in EFT

<latexit sha1_base64="5YxH/EBjZsDffjl92m7HuSeAUeg=">AAACF3icbZDLSgMxFIYzXmu9VV26CRZBEMqMSHUjFBV0WcFeoB3KmUzahiaZIckIpfQt3Pgqblwo4lZ3vo1pOwVt/SHw8Z9zODl/EHOmjet+OwuLS8srq5m17PrG5tZ2bme3qqNEEVohEY9UPQBNOZO0YpjhtB4rCiLgtBb0rkb12gNVmkXy3vRj6gvoSNZmBIy1WrlC8waEgFaIL3CKMT6eohzhNeUGpk4u7xbcsfA8eCnkUapyK/fVDCOSCCoN4aB1w3Nj4w9AGUY4HWabiaYxkB50aMOiBEG1PxjfNcSH1glxO1L2SYPH7u+JAQit+yKwnQJMV8/WRuZ/tUZi2uf+gMk4MVSSyaJ2wrGJ8CgkHDJFieF9C0AUs3/FpAsKiLFRZm0I3uzJ81A9KXjFQvHuNF+6TOPIoH10gI6Qh85QCd2iMqoggh7RM3pFb86T8+K8Ox+T1gUnndlDf+R8/gBgmZ2W</latexit>

!d = !p + !n +”!

<latexit sha1_base64="AosJyLUXTgx53EYRPRtqJwxuqFw="></latexit>

!” → O(ω2
/#2

ω) → 10→2

Chiral EFT results consistent with power counting arguments

Binding momentum ~ 45 MeV ~ 1 GeV

Nuclear effects on 
intranuclear proton 
decay rates expected 
to be few percent
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Current proton decay limits

DUNE TDR vol II



16

Future proton decay searches
Ed Kearns, BLV 2020



     in nuclei

τnn ≳ 1.8 × 108

τnn

17

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
<latexit sha1_base64="B0at9k5kHaRoMCPFCKSflVNkSpk=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQqKiXYgU3LisYB/Q1DKZTtuhk0mYuRFLyG+48VfcuFDEpa78G6dtFtp6YeBwzrn3zj1BLLgG1/22FhaXlldWC2vF9Y3NrW17Z7euo0RRVqORiFQzIJoJLlkNOAjWjBUjYSBYIxhejfXGPVOaR/IWRjFrh6QveY9TAobq2K4PJOmk0o+MazwklVmGL7HnnGEfeMg09ty7ssHsAVKss45dch13UngeeDkoobyqHfvT70Y0CZkEKojWLc+NoZ0SBZwKlhX9RLOY0CHps5aBkpid7XRyWYYPDdPFvUiZJwFP2N8dKQm1HoWBcYYEBnpWG5P/aa0EeuV2ymWcAJN0uqiXCAwRHseEu1wxCmJkAKGKm79iOiCKUDBhFk0I3uzJ86B+7HgnjntzWqpc5HEU0D46QEfIQ+eogq5RFdUQRY/oGb2iN+vJerHerY+pdcHKe/bQn7K+fgAbXZ+s</latexit>

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

Haidenbauer and Meißner, 
Chinese Physics C 44 (2020)

⌧nn > 2.6⇥ 108 s

<latexit sha1_base64="3ZegSV60ejz9ilH4tUdnXD3phvU=">AAACGXicbVDLSgMxFM34rPVVdekmWARXZaZU7UKk4MZlBfuAzlgyadqGZjJDckcsw/yGG3/FjQtFXOrKvzFtZ6GtFwKHc869N/f4keAabPvbWlpeWV1bz23kN7e2d3YLe/tNHcaKsgYNRajaPtFMcMkawEGwdqQYCXzBWv7oaqK37pnSPJS3MI6YF5CB5H1OCRiqW7BdIHE3kW5oXJMhiUxTfInLpTPsAg+Yxo59VzWYPUCCddotFO2SPS28CJwMFFFW9W7h0+2FNA6YBCqI1h3HjsBLiAJOBUvzbqxZROiIDFjHQEnMTi+ZXpbiY8P0cD9U5knAU/Z3R0ICrceBb5wBgaGe1ybkf1onhn7VS7iMYmCSzhb1Y4EhxJOYcI8rRkGMDSBUcfNXTIdEEQomzLwJwZk/eRE0yyWnUjq9qRRrF1kcOXSIjtAJctA5qqFrVEcNRNEjekav6M16sl6sd+tjZl2ysp4D9Kesrx8e55+z</latexit>

KSW

Weinberg

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>

….but results sensitive to choice of power counting

Oxygen lifetime provides 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 103 (2021)

<latexit sha1_base64="icC42YOaYogVSRbyMnjsyNU7pO4="></latexit>

��1
O16 > 3.6⇥ 1032 years

<latexit sha1_base64="gg9dlbrIW5QVo3Sb6UnOOGu1lEw=">AAACH3icbVDLSgMxFM3UV62vUZdugkVwVWaktF24KLhxWcE+oDOWTJq2oZnMkNwRyzB/4sZfceNCEXHXvzF9LLT1QOBwzn3kniAWXIPjTK3cxubW9k5+t7C3f3B4ZB+ftHSUKMqaNBKR6gREM8ElawIHwTqxYiQMBGsH45uZ335kSvNI3sMkZn5IhpIPOCVgpJ5d8YAkvVR6kamaDUlllmFvCKYlxOVSFXvAQ6ax6zzUDGdPkGKd9eyiU3LmwOvEXZIiWqLRs7+9fkSTkEmggmjddZ0Y/JQo4FSwrOAlmsWEjsmQdQ2VxOz00/l9Gb4wSh8PImWeBDxXf3ekJNR6EgamMiQw0qveTPzP6yYwqPkpl3ECTNLFokEiMER4Fhbuc8UoiIkhhCpu/orpiChCwURaMCG4qyevk9ZVya2UKnflYv16GUcenaFzdIlcVEV1dIsaqIkoekav6B19WC/Wm/VpfS1Kc9ay5xT9gTX9AaFAoqk=</latexit>

⌧nn & 4.7⇥ 108 s



τnn ≳ 1.8 × 108

τnn
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Dineutron decay with LQCD

nn

Simplest possible LQCD 
calculation of  in multi-
nucleon system:

nn

Dineutron decay matrix element 
can be extracted from LQCD 
two-point function

<latexit sha1_base64="vouI5NfVSEIgl/9T2mLet8HOInI=">AAACDHicbVC7SgNBFJ31bXxFLW0GgxCbsCsSLUSCNtoZMCpkY5id3N0MmZ1dZu4KIeQDbPwVGwtFbP0AO//GSbKFrwMDh3PO5c49QSqFQdf9dKamZ2bn5hcWC0vLK6trxfWNK5NkmkODJzLRNwEzIIWCBgqUcJNqYHEg4TronY786zvQRiTqEvsptGIWKREKztBK7WLJlxDiUb19XsZdqtSt32FRBLrs7lJfi6iLx9Sm3Io7Bv1LvJyUSI6LdvHD7yQ8i0Ehl8yYpuem2BowjYJLGBb8zEDKeI9F0LRUsRhMazA+Zkh3rNKhYaLtU0jH6veJAYuN6ceBTcYMu+a3NxL/85oZhoetgVBphqD4ZFGYSYoJHTVDO0IDR9m3hHEt7F8p7zLNONr+CrYE7/fJf8nVXsWrVqr1/VLtJK9jgWyRbVImHjkgNXJGLkiDcHJPHskzeXEenCfn1XmbRKecfGaT/IDz/gX5o5mu</latexit>⌦
QI(t)nn

†(0)
↵

Nonperturbative QCD matrix element contains info to constrain unknown NLO+ 
EFT couplings that may have sizable impact even on deuterium

Oosterhof et al, PRL 122 (2019) Haidenbauer and Meißner, Chinese Physics C 44 (2020)

Can lattice QCD help constrain nuclear effects in intranuclear  searches?nn

<latexit sha1_base64="nNSlpwQ1CWAqWw79Fkt/Qov7emM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8KAS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7bK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCOkYzG</latexit>=

<latexit sha1_base64="r4OKlzaMfcCeU/8qWn8L08ScIyQ="></latexit>⌦
QI(t)nn

†(0)
↵
⇠

X

J

h0|QJ |nniZJI + . . .



Towards       in nuclei

τnn ≳ 1.8 × 108

τnn

nn

<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>=

<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+

<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+ <latexit sha1_base64="PNgZrVO+JcCjedg0x/W3LUVUSRs=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9USk0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AL+xj0M=</latexit>. . .

Nucleon propagator

Antinucleon propagator 

Strong interactions 
(resummed)

Nuclear EFT

<latexit sha1_base64="yCZ9BjJk7ADqhD2BlR40j8V9E0o=">AAACDnicbVDLSgMxFM3UV62vqks3wVJwVWZEqguRohvdtWAf0BlKJs20oZnMkNwRytgvcOOvuHGhiFvX7vwbM20XWj2QcDjn3pvc48eCa7DtLyu3tLyyupZfL2xsbm3vFHf3WjpKFGVNGolIdXyimeCSNYGDYJ1YMRL6grX90VXmt++Y0jyStzCOmReSgeQBpwSM1CuWXcECOMduZKqyIamc4Hvc6N2YW2JX8cEQLnrFkl2xp8B/iTMnJTRHvVf8dPsRTUImgQqiddexY/BSooBTwSYFN9EsJnREBqxrqCQh0146XWeCy0bp4yBS5kjAU/VnR0pCrcehbypDAkO96GXif143geDMS7mME2CSzh4KEoEhwlk2uM8VoyDGhhCquPkrpkOiCAWTYMGE4Cyu/Je0jitOtVJtnJRql/M48ugAHaIj5KBTVEPXqI6aiKIH9IRe0Kv1aD1bb9b7rDRnzXv20S9YH9/uapto</latexit>

hn|QI |ni

<latexit sha1_base64="j+4RRJMAXEcAv/1rM9woLnvaLAs=">AAACEHicbVC7TsMwFHV4lvIqMLJYVAimKkGoMCBUwQJbK9GH1ESR4zqtVceJ7BukKvQTWPgVFgYQYmVk429wHwO0HMnW0Tn3XvueIBFcg21/WwuLS8srq7m1/PrG5tZ2YWe3oeNUUVansYhVKyCaCS5ZHTgI1koUI1EgWDPoX4/85j1TmsfyDgYJ8yLSlTzklICR/MKRK1gIF1i6sSkbTcnkED/gmn9rbimxq3i3B5d+oWiX7DHwPHGmpIimqPqFL7cT0zRiEqggWrcdOwEvIwo4FWyYd1PNEkL7pMvahkoSMe1l44WG+NAoHRzGyhwJeKz+7shIpPUgCkxlRKCnZ72R+J/XTiE89zIukxSYpJOHwlRgiPEoHdzhilEQA0MIVdz8FdMeUYSCyTBvQnBmV54njZOSUy6Va6fFytU0jhzaRwfoGDnoDFXQDaqiOqLoET2jV/RmPVkv1rv1MSldsKY9e+gPrM8fpB2cWA==</latexit>

hnn|QI |nni

“Known” 
EFT input

Unknown EFT input

Oosterhof et al, PRL 122 (2019)

~ NLO input discussed in

Dineutron decay matrix elements 
can be matched to nuclear EFTs 
to constrain higher-order LECs 
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LQCD and       in nuclei

τnn ≳ 1.8 × 108

τnn

nn

LQCD calculations can use the same codes (and some data) 
as  spectroscopy calculations using correlator matricesNN

Amarasinghe, MW et al [NPLQCD], PRD 107 (2023) 

20

Correlator topology 
corresponds to 
“hexaquark” - “dibaryon” 
off-diagonal element of 
correlator matrix

Detmold, MW et al [NPLQCD], PRD 111 (2025)

Bulava et al [BaSc], arXiv:2505.05547



Energies and overlaps computed for a wide 
range of interpolating operators including a 
complete basis of local 6-quark operators

Six quarks on a lattice

21
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<latexit sha1_base64="SDUGCiwyXs/1u6nRjqhcClkgGzQ="></latexit>

=
X

J

h0|QJ |nn, niCJi

Reliably identified states?

Overlap factors encode ground- and 
excited-state dineutron decay 
matrix elements of interest

Known change-of-
basis matrix
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ZnHnn
i

= h0|Hnn

i
|nn, ni

Qualitative lessons

• Strong energy (i.e. state ) 
dependence of                   
suggests nuclear matrix 
elements sensitive to neutron 
(pair) distribution inside nucleus

𝗇
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h0|Hnn
i |nn, ni

LQCD  decay resultsnn
Detmold, MW et al [NPLQCD], PRD 111 (2025)
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Reliably identified states?

Overlap factors encode ground- and 
excited-state dineutron decay 
matrix elements of interest

Known change-of-
basis matrix

• Quark mass effects, renormalization, 
and other known unknowns

• Quantifying NN excited-state effects: 
new tools from reinterpreting data 
analysis as eigenvalue finding
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ZnHnn
i

= h0|Hnn

i
|nn, ni

Qualitative lessons

Quantitative challenges remain

• Strong energy (i.e. state ) 
dependence of                   
suggests nuclear matrix 
elements sensitive to neutron 
(pair) distribution inside nucleus

𝗇
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h0|Hnn
i |nn, ni

LQCD  decay resultsnn
Detmold, MW et al [NPLQCD], PRD 111 (2025)

Abbott, Fleming, Hackett, Pefkou, MW, 
arXiv:2503.17357

MW, PRL 134 (2025)



Outlook

New free neutron searches at ESS

New searches for intranuclear 
proton decay and  at Hyper-
Kamiokande, JUNO, DUNE, …

nn

• Lifetimes 10x longer than current 
limits will be probed in several 
channels

Lattice QCD can robustly predict 
matrix elements relating BSM 
theory and experimental data

• Free nucleon results available for 
proton decay and nn

• Nuclear effects studied with 
EFT, more work needed for 
intranuclear nn


