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The NDT Group combines state of the art nuclear theory with realis8c 
modeling of nuclear processes to provide accurate data evalua8ons
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Reaction rates of solar cross sections 
determine element abundancies in the 
universe
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“Not only important for the development of the chemical building blocks of life but also for the en:re 
scheme and sequence of nucleosynthesis events as we imagine them now.” (2015 LRP)
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We need reliable theory to estimate 
the S-factor at stellar energies

??
4He+12C fusion

Figure adapted from 
C. Ugalde et al., PR12-15-005 

To cautiously go where no 
experiment has gone before



5LLNL-PRES-821202

Nuclear Clustering is found throughout the mass chart and is 
in4mately linked with above-threshold behavior of nuclear spectra.
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Figure adapted from W. Catford.
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Cluster states in light ions exist across the energy spectrum
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For a complete ab initio description we need both structure…

• This picture works fine for well-
bound states.

• An increase in the number of 
allowed excitations encompasses 
more many-body correlations 
(lower variational energy). 

• Each increase comes with an 
order-of-magnitude increase in 
computational effort.

• No coupling to decaying states is 
considered. (Though check out 
Phys. Rev. C 98, 044624)

Configuration Interaction
No Core Shell Model (NCSM)

N = 0
<latexit sha1_base64="bRGYmM3PGtG9BgauyqRa9Bdh/q8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXiSCqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjsrq2vrG5uFreL2zu7efungsKGTTDH0WSIS1QqpRsEl+oYbga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVW8u/JNXG7pbJbcWcgy8TLSRly1Lulr04vYVmM0jBBtW57bmqCMVWGM4GTYifTmFI2pH1sWyppjDoYz46dkFOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2hC8xZeXSaNa8c4r1YeLcu0mj6MAx3ACZ+DBJdTgDurgAwMOz/AKb450Xpx352PeuuLkM0fwB87nD0P/jas=</latexit>

N = 1
<latexit sha1_base64="oV3G4HSuf29FDymN/333Qz1cVb8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXiSCqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjsrq2vrG5uFreL2zu7efungsKGTTDH0WSIS1QqpRsEl+oYbga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVW8u/JNfG6pbJbcWcgy8TLSRly1Lulr04vYVmM0jBBtW57bmqCMVWGM4GTYifTmFI2pH1sWyppjDoYz46dkFOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2hC8xZeXSaNa8c4r1YeLcu0mj6MAx3ACZ+DBJdTgDurgAwMOz/AKb450Xpx352PeuuLkM0fwB87nD0WDjaw=</latexit>

~!
<latexit sha1_base64="EAOiveVD0d3NI7sP1mtwcPEz9Dw=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoxWME84DdJcxOOsmQeSwzs0JY8hlePCji1a/x5t84SfagiQUNRVU33V1Jypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZmm0KKKK91NiAHOJLQssxy6qQYiEg6dZHw38ztPoA1T8tFOUogFGUo2YJRYJ4XRKCE6UgKGpFep+jV/DrxKgoJUUYFmr/IV9RXNBEhLOTEmDPzUxjnRllEO03KUGUgJHZMhhI5KIsDE+fzkKT53Sh8PlHYlLZ6rvydyIoyZiMR1CmJHZtmbif95YWYHN3HOZJpZkHSxaJBxbBWe/Y/7TAO1fOIIoZq5WzEdEU2odSmVXQjB8surpF2vBZe1+sNVtXFbxFFCp+gMXaAAXaMGukdN1EIUKfSMXtGbZ70X7937WLSuecXMCfoD7/MHV3yRSg==</latexit>

Nmax = 2
<latexit sha1_base64="dr+aTSQL547Syy7BtXDw2o4WiVg=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsxUQTdC0Y0rqWAf0A5DJs20oUlmSDLSMsyvuHGhiFt/xJ1/Y6adhbYeCBzOuZd7coKYUaUd59sqra1vbG6Vtys7u3v7B/ZhtaOiRGLSxhGLZC9AijAqSFtTzUgvlgTxgJFuMLnN/e4TkYpG4lHPYuJxNBI0pBhpI/l29d5PBxzpseQpR9Msu274ds2pO3PAVeIWpAYKtHz7azCMcMKJ0JghpfquE2svRVJTzEhWGSSKxAhP0Ij0DRWIE+Wl8+wZPDXKEIaRNE9oOFd/b6SIKzXjgZnMY6plLxf/8/qJDq+8lIo40UTgxaEwYVBHMC8CDqkkWLOZIQhLarJCPEYSYW3qqpgS3OUvr5JOo+6e1xsPF7XmTVFHGRyDE3AGXHAJmuAOtEAbYDAFz+AVvFmZ9WK9Wx+L0ZJV7ByBP7A+fwBMX5Sa</latexit>
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§ The CI picture is no longer sufficient to 
describe the many-body system.

§ We need to expand the basis with 
collec>ve excita>ons targe>ng the cluster 
effects.

… and dynamical clustered descriptions
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<latexit sha1_base64="IpUfSVVQEeTeig+eoI1UHwIoM/s=">AAACEHicbVDLSgMxFM3UV62vqks3wSJWhDJTBV0W3bisYB/QKUMmk2lDk8yQhzAM/QQ3/oobF4q4denOvzF9LLR6IHByzr3ce0+YMqq06345haXlldW14nppY3Nre6e8u9dWiZGYtHDCEtkNkSKMCtLSVDPSTSVBPGSkE46uJ37nnkhFE3Gns5T0ORoIGlOMtJWC8vGpH1GVMpQpnTHiK8MDXxifCg0jCc3kU5UnMChX3Jo7BfxLvDmpgDmaQfnTjxJsOBEaM6RUz3NT3c+R1BQzMi75RpEU4REakJ6lAnGi+vn0oDE8skoE40TaZxeZqj87csSVynhoKznSQ7XoTcT/vJ7R8WU/pyI1mgg8GxQbBnUCJ+nAiEqCNcssQVhSuyvEQyQR1jbDkg3BWzz5L2nXa95ZrX57XmlczeMoggNwCKrAAxegAW5AE7QABg/gCbyAV+fReXbenPdZacGZ9+yDX3A+vgGVZJzl</latexit>

|
<latexit sha1_base64="3S7e63ZJ+SLpPBFpwSdafXh3lMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEIF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AO2XjQQ=</latexit>

i
<latexit sha1_base64="W7kl9hCy1LhyuISuTnv2qfX5iJg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip01dUjgQOyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6adeq3lW19lCvNG7zOIpwBudwCR5cQwPuoQktYDCBZ3iFNydxXpx352PZWnDymVP4A+fzB2Kmj5k=</latexit>

|
<latexit sha1_base64="3S7e63ZJ+SLpPBFpwSdafXh3lMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEIF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AO2XjQQ=</latexit>

i
<latexit sha1_base64="W7kl9hCy1LhyuISuTnv2qfX5iJg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip01dUjgQOyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6adeq3lW19lCvNG7zOIpwBudwCR5cQwPuoQktYDCBZ3iFNydxXpx352PZWnDymVP4A+fzB2Kmj5k=</latexit>
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<latexit sha1_base64="bdBota+F4Y07QXg00f6l/E6hPDo=">AAACFHicbZBNS8MwGMfT+Tbn29Sjl+AQBGG0U9CLMPTicYJ7gbWUNE23sCQtSSqUsg/hxa/ixYMiXj1489uYbUV08w+BH//neZI8/yBhVGnb/rJKS8srq2vl9crG5tb2TnV3r6PiVGLSxjGLZS9AijAqSFtTzUgvkQTxgJFuMLqe1Lv3RCoaizudJcTjaCBoRDHSxvKrJ25LUXgJ3ZCqhKFM6YwRV6Xcd5m5JUQQ/5Bfrdl1eyq4CE4BNVCo5Vc/3TDGKSdCY4aU6jt2or0cSU0xI+OKmyqSIDxCA9I3KBAnysunS43hkXFCGMXSHKHh1P09kSOuVMYD08mRHqr52sT8r9ZPdXTh5VQkqSYCzx6KUgZ1DCcJwZBKgjXLDCAsqfkrxEMkEdYmx4oJwZlfeRE6jbpzWm/cntWaV0UcZXAADsExcMA5aIIb0AJtgMEDeAIv4NV6tJ6tN+t91lqyipl98EfWxzdyYp5x</latexit>

.

. .
.

.
.

. .
.

.
.

. .

...

.
.

.

.

.
.

.
.

.

.
.

.

.

.
.

.
.

.
.

.

.
.

.
.



9LLNL-PRES-821202

Generalized problem for No Core Shell Model With Continuum 

h |H| i
<latexit sha1_base64="uI/YjUIYJ2GTgfDgZLzyH1+Imp8=">AAACGXicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgoKbopsuK9gHdErJpGkbmskMSUYo0/6GG3/FjQtFXOrKvzGdzsK2nhA4nHMuyT1+xJnSjvNj5dbWNza38tuFnd29/QP78KihwlgSWichD2XLx4pyJmhdM81pK5IUBz6nTX90N/Obj1QqFooHPY5oJ8ADwfqMYG2kru14HIsBp97N3zNBVTRZlJAn02DXLjolJwVaJW5GipCh1rW/vF5I4oAKTThWqu06ke4kWGpGOJ0WvFjRCJMRHtC2oQIHVHWSdLMpOjNKD/VDaa7QKFX/TiQ4UGoc+CYZYD1Uy95M/M9rx7p/3UmYiGJNBZk/1I850iGa1YR6TFKi+dgQTCQzf0VkiCUm2pRZMCW4yyuvkka55F6UyveXxcptVkceTuAUzsGFK6hAFWpQBwJP8AJv8G49W6/Wh/U5j+asbOYYFmB9/wJ0dZ4V</latexit>
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h |H| i
<latexit sha1_base64="uI/YjUIYJ2GTgfDgZLzyH1+Imp8=">AAACGXicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgoKbopsuK9gHdErJpGkbmskMSUYo0/6GG3/FjQtFXOrKvzGdzsK2nhA4nHMuyT1+xJnSjvNj5dbWNza38tuFnd29/QP78KihwlgSWichD2XLx4pyJmhdM81pK5IUBz6nTX90N/Obj1QqFooHPY5oJ8ADwfqMYG2kru14HIsBp97N3zNBVTRZlJAn02DXLjolJwVaJW5GipCh1rW/vF5I4oAKTThWqu06ke4kWGpGOJ0WvFjRCJMRHtC2oQIHVHWSdLMpOjNKD/VDaa7QKFX/TiQ4UGoc+CYZYD1Uy95M/M9rx7p/3UmYiGJNBZk/1I850iGa1YR6TFKi+dgQTCQzf0VkiCUm2pRZMCW4yyuvkka55F6UyveXxcptVkceTuAUzsGFK6hAFWpQBwJP8AJv8G49W6/Wh/U5j+asbOYYFmB9/wJ0dZ4V</latexit>

h |H| i
<latexit sha1_base64="uI/YjUIYJ2GTgfDgZLzyH1+Imp8=">AAACGXicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgoKbopsuK9gHdErJpGkbmskMSUYo0/6GG3/FjQtFXOrKvzGdzsK2nhA4nHMuyT1+xJnSjvNj5dbWNza38tuFnd29/QP78KihwlgSWichD2XLx4pyJmhdM81pK5IUBz6nTX90N/Obj1QqFooHPY5oJ8ADwfqMYG2kru14HIsBp97N3zNBVTRZlJAn02DXLjolJwVaJW5GipCh1rW/vF5I4oAKTThWqu06ke4kWGpGOJ0WvFjRCJMRHtC2oQIHVHWSdLMpOjNKD/VDaa7QKFX/TiQ4UGoc+CYZYD1Uy95M/M9rx7p/3UmYiGJNBZk/1I850iGa1YR6TFKi+dgQTCQzf0VkiCUm2pRZMCW4yyuvkka55F6UyveXxcptVkceTuAUzsGFK6hAFWpQBwJP8AJv8G49W6/Wh/U5j+asbOYYFmB9/wJ0dZ4V</latexit>

E����0
<latexit sha1_base64="ePIOdbp1RLf14Bj24A0thqDte3s=">AAACC3icbVDLSgMxFL1TX7W+Rl26CS2iqzJTBV0WRXBZwT6gMwyZTKYNzTxIMkIZunfjr7hxoYhbf8Cdf2PazkJbD4ScnHsuN/f4KWdSWda3UVpZXVvfKG9WtrZ3dvfM/YOOTDJBaJskPBE9H0vKWUzbiilOe6mgOPI57fqj62m9+0CFZEl8r8YpdSM8iFnICFZa8szqjedwbQ8wcgLKFfby4l1cJxPPrFl1awa0TOyC1KBAyzO/nCAhWURjRTiWsm9bqXJzLBQjnE4qTiZpiskID2hf0xhHVLr5bJcJOtZKgMJE6BMrNFN/d+Q4knIc+doZYTWUi7Wp+F+tn6nw0s1ZnGaKxmQ+KMw4UgmaBoMCJihRfKwJJoLpvyIyxAITpeOr6BDsxZWXSadRt8/qjbvzWvOqiKMMR1CFU7DhAppwCy1oA4FHeIZXeDOejBfj3fiYW0tG0XMIf2B8/gDGx5ri</latexit>

���0
<latexit sha1_base64="I+KjAHBQaBVDUFdcefl/kiEgrmw=">AAACAXicbVDLSgMxFL3js9bXqBvBTbCIrspMFXRZdOOygn1AZxgymbQNzWSGJCOUoW78FTcuFHHrX7jzb0zbWWjrgZDDOfeQ3BOmnCntON/W0vLK6tp6aaO8ubW9s2vv7bdUkklCmyThieyEWFHOBG1qpjntpJLiOOS0HQ5vJn77gUrFEnGvRyn1Y9wXrMcI1kYK7EMvolzjIPe4CUW4uE7HgV1xqs4UaJG4BalAgUZgf3lRQrKYCk04VqrrOqn2cyw1I5yOy16maIrJEPdp11CBY6r8fLrBGJ0YJUK9RJojNJqqvxM5jpUaxaGZjLEeqHlvIv7ndTPdu/JzJtJMU0FmD/UyjnSCJnWgiElKNB8Zgolk5q+IDLDERJvSyqYEd37lRdKqVd3zau3uolK/LuoowREcwxm4cAl1uIUGNIHAIzzDK7xZT9aL9W59zEaXrCJzAH9gff4AniWW/Q==</latexit>

h |H| i
<latexit sha1_base64="uI/YjUIYJ2GTgfDgZLzyH1+Imp8=">AAACGXicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgoKbopsuK9gHdErJpGkbmskMSUYo0/6GG3/FjQtFXOrKvzGdzsK2nhA4nHMuyT1+xJnSjvNj5dbWNza38tuFnd29/QP78KihwlgSWichD2XLx4pyJmhdM81pK5IUBz6nTX90N/Obj1QqFooHPY5oJ8ADwfqMYG2kru14HIsBp97N3zNBVTRZlJAn02DXLjolJwVaJW5GipCh1rW/vF5I4oAKTThWqu06ke4kWGpGOJ0WvFjRCJMRHtC2oQIHVHWSdLMpOjNKD/VDaa7QKFX/TiQ4UGoc+CYZYD1Uy95M/M9rx7p/3UmYiGJNBZk/1I850iGa1YR6TFKi+dgQTCQzf0VkiCUm2pRZMCW4yyuvkka55F6UyveXxcptVkceTuAUzsGFK6hAFWpQBwJP8AJv8G49W6/Wh/U5j+asbOYYFmB9/wJ0dZ4V</latexit>
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§ Need to re-construct the interaction 
potential seen by the two fragment 
nuclei.

§ Internal P-space Hamiltonian contains 
interaction potential

§ External Q-space only has free 
components  

Solving for the unknowns with the R-Matrix.

T + VCoul

( (HPP

H
(0)
QQ

H
(0)
PQ

H
(0)
QP

ExternalInternal

V = VCoul + VN V = VCoul

r = ↵
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Can we make accurate predictions? 
Nucleon and deuterium elastic scattering on 4He

PRC 90, 061601(R) PRL114, 212502

But what about uncertainties? And heavier projectiles?
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Chiral effective field theory interactions provide a 
direct link between the nuclear interactions and QCD. 

NN force 3N force 4N force

Systematic expansion
of the nuclear force
means quantifiable 
uncertainties!

Few diagrams means few 
parameters that must be
constrained from experiments.

Many-nucleon forces appear
organically.

Three-Nucleon forces make 
calculations order-of-magnitude
more expensive.
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In the past few years there has been a revolu3on in HPC 
architectures with the introduc3on of general-purpose GPUs

Six GPUs per node
Only two CPUs per node

The majority of available compute power is now offloaded
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High-Performance Computing is essential for ab initio theory. 
Novel architectures allow for previously impossible calculations.
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Determining low-energy constants from three-body observables 

°4 °3 °2 °1 0 1 2 3 4
cD

0.90

0.95

1.00

1.05

1.10

1.15

hE
A 1
i th

eo
/h

E
A 1
i e

xp

EM N3LO + 3N-L

EM N3LO

EMN N4LO

EMN N3LO

EMN N2LO

One-pion 
exchange

NNN-
contact

Entem & Machleidt, Phys. Rev. C 68, 041001(R)
Entem, Machleidt & Nosyk Phys. Rev. C 96, 024004 (2017)

⇡

<latexit sha1_base64="pXaUd9tpIhVqDq6r7ZmIijF7ylY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSVY3V</latexit>

cD

<latexit sha1_base64="pLsMjSXjeV0gtUuEPjdzEWtDONw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRDx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1FjpgfVue+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w8LFo2m</latexit>

cE

<latexit sha1_base64="okXIi0VQ28EwEixuuh57dT/Eguw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0wHq3vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+8enF/Xqld53EU4QiO4RQ8uIQa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wcMmo2n</latexit>

Overfitting

�
2 =

X �
O

th �O
exp

�2

�2
exp + �2

th

<latexit sha1_base64="mQEdJMh8zQChDNfHfzTjI8UU6SI="></latexit>



16LLNL-PRES-821202

Gaussian Processes can act as systematically 
improvable emulators for expensive calculations
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Each calculation could take hours to complete. Since the emulator’s uncertainty 
is known, we know where to sample next.
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Significant speedups coupled with efficient emulators make 
uncertainty quan9fica9on of theore9cal predic9ons possible.
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Mixed-fidelity modeling can be used for 
computa8onally expensive reac8ons.
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Can ab ini'o theory treat He burning reac'ons?
Elha'sari, Lee, Rupak, Epelbaum, Krebs, Lähde, Luu, Meißner, Nature 528, 111 

Nuclear Lattice EFT with the Adiabatic 
Projection Method

§ Promising results for 4He+4He scattering

§ Favorable computational scaling (~A2)

§ 4He+12C fusion becoming possible!

§ Extensions to enable treatment of 
three-cluster dynamics required before 
the method can be applied to the  
triple-4He fusion process

a-a D-wave 
scattering

Expt.
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Current status for α-α scattering
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Reac%on rates of solar cross sec%ons 
determine element abundancies in the 
universe

4He

8Be*
(10-16 s)4He

12C

4He

g

g
4He16O

“Not only important for the development of the chemical building blocks of life but also for the entire 
scheme and sequence of nucleosynthesis events as we imagine them now.” (2015 LRP)
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Nuclear data is ubiquitous in basic science and applications
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Neutron cross sec+on standards are working standards. They are 
con+nually assessed, updated and improved.

Carlson et al. Nuclear Data Sheets 110 (2009) 3215–3324
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Going further: reactions with multiple open channels

J = 17 (24M) J = 15 (43M) J = 13 (69M) J = 11 (101M) J = 17 (24M) J = 15 (43M)
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Ab initio nuclear reaction theory can provide an independent 
method for predicting standards cross sections
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NCSMC parameters tuned to 
reproduce reaction cross section

Angular distributions are predicted 
with no further experimental input
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Conclusions and prospects

• We have made first steps in dealing with α-
clustering and α-induced reactions in an ab initio 
reaction theory setting.

• Reactions with p-shell nuclei as projectiles are 
becoming possible (α-transfer via 6Li(X,d)Y     )

• Theory predictions without some sense of the 
uncertainties involved are of limited use when it 
comes to comparing with precise experimental 
data.

Thanks to collaborators: 
S. Quaglioni, P. Navratil, K. Quinlan, G. Hupin
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