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Nuclear physics for new physics

Precision beta 
decays

Neutrinoless 
double beta 

decay

Lepton-nucleus 
scattering

Energy
• Precision searches for new physics often 

requires input from nuclear theory across 
range of  energies 

• Handle on nuclear models necessary to 
disentangle known nuclear physics from 
possible BSM signatures 

• Strategy: first validate models on known 
observables, then make predictions for 
BSM searches 
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1. Microscopic description of  nuclei 
1. Many-body problem 
2. Quantum Monte Carlo 
3. Chiral effective field theory 

2. Single beta decays 
1. Gamow-Teller matrix elements, role of two-nucleon currents 
2. Superallowed beta decay 

3. Neutrinoless double beta decay 
1. 2N matrix elements 
2. 3N operators and their matrix elements in light nuclei 

Outline
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Nuclear many-body problem
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 (r1, r2, . . . , rA; s1, s2, . . . , sA; t1, t2, . . . , tA)

Spin-isospin vector in 3A dimensions with  components

<latexit sha1_base64="VL7njeo0QnXJKRKGDpF9aZvsEt4="></latexit>

H =
X

i

ti +
X

i<j

vij +
X

i<j<k

Vijk + . . .

Many-body hamiltonian 



4

Nuclear many-body problem

<latexit sha1_base64="eKq+/oD7dnQ5it9hDkwj375Rpu0="></latexit>

2A⇥
✓
A
Z

◆

<latexit sha1_base64="nECIdlrWhPOX41qofPd0s2C2IqM="></latexit>

 (r1, r2, . . . , rA; s1, s2, . . . , sA; t1, t2, . . . , tA)

Spin-isospin vector in 3A dimensions with  components

<latexit sha1_base64="VL7njeo0QnXJKRKGDpF9aZvsEt4="></latexit>

H =
X

i

ti +
X

i<j

vij +
X

i<j<k

Vijk + . . .

Many-body hamiltonian 

4He:    96

6Li:     1,280

8Be:    17,920

12C:     3,784,704

      …




4

Nuclear many-body problem

<latexit sha1_base64="eKq+/oD7dnQ5it9hDkwj375Rpu0="></latexit>

2A⇥
✓
A
Z

◆

<latexit sha1_base64="nECIdlrWhPOX41qofPd0s2C2IqM="></latexit>

 (r1, r2, . . . , rA; s1, s2, . . . , sA; t1, t2, . . . , tA)

Spin-isospin vector in 3A dimensions with  components

<latexit sha1_base64="VL7njeo0QnXJKRKGDpF9aZvsEt4="></latexit>

H =
X

i

ti +
X

i<j

vij +
X

i<j<k

Vijk + . . .

Many-body hamiltonian 

4He:    96

6Li:     1,280

8Be:    17,920

12C:     3,784,704

      …


136Xe:   29,047,067,511,683,262,845,258,801,231,860,593,413,323,900,569,008,453,449,667,034,231,949,394,496,716,800 
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Quantum Monte Carlo (QMC) methods

Variational Monte Carlo (VMC): minimize expectation value of Hamiltonian
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correlation operators cluster structure 8Be  2⍺∼
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Green’s Function Monte Carlo (GFMC): improve VMC solution by propagating in imaginary time 
to remove contaminations from excited states
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Pudlinder et al. Phys. Rev. C 56, 1720
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• Low-energy model of 
QCD based on 
approximate chiral 
symmetry 

• Nucleons, pions, and 
deltas as degrees of 
freedom 

• Provides hierarchy of 
many-nucleon forces and 
currents 

• High-energy physics 
encoded in low-energy 
constants (LECs) (26 in 
2N, 2 more in 3N forces) 

Machleidt and Entem Phys. Rep. 503 (2011)

Piarulli and Tews Front. Phys. 30 (2020)

Chiral effective field theory
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External field (photon) interacts with a single nucleon 
or a correlated pair of  nucleons

<latexit sha1_base64="pzAHq0hhHq0CVx2n2RjObgtEpgw="></latexit>

⇢ =
AX

i=1

⇢i +
X

i<j

⇢ij + . . .

j =
AX

i=1

ji +
X

i<j

jij + . . .

Need electroweak charge and current operators to 
calculate observables:
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Electroweak currents

LO

NLO

N2LO

Pastore et al. PRC 80, 034004

Pastore et al. PRC 84, 024001

Piarulli et al. PRC 87, 014006

Schiavilla et al. PRC 99, 034005
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I (II) fit to NN scattering data up to 125 (200) MeV 

★ (no star) fit to triton ground state energy and β-decay (nd scattering) 

a (b) use soft (hard) regulators [RL, RS] = [1.2 fm, 0.8 fm] ([RL, RS] = [1.0 fm, 0.7 fm])
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Compare different models (Ia★, llb★, etc) with different LECs and regulators

Norfolk (NV2+3) interactions
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Gamow-Teller matrix elements

King et al. PRC 121, 025501 (2020)
Figures courtesy of Garrett King
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Beta decay: two body densities
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M2b
GT =

Z
dr 4⇡r2⇢2bGT(r)

Different approaches to 
fitting give different short-

range behavior 

This affects the total two-
body matrix elements for 

different modelsKing et al. PRC 121, 025501 (2020)
Figures courtesy of Garrett King



11

Three-body LECs

Model  fit  using strong interaction data only 

Model  fit  using both strong and weak data

NV2 + 3 − Ia cD

NV2 + 3 − Ia⋆ cD
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z0 / (cD + known LECs)
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Superallowed  beta decays0+ → 0+

Competitive bounds to complement 
high energy physics searches
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Without need for radiative corrections:

Cirigliano et al., PLB 838, 137748
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Superallowed  beta decays0+ → 0+

Competitive bounds to complement 
high energy physics searches
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nuclear structure correction



Evaluate densities of matrix elements: 

GFMC: 

Hardy and Towner: 

Gennari et al PRL 134, 012501: 
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10C(0+)  10B(0+)  beta decays→

King et al, in preparation
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Figures courtesy of Garrett King
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<latexit sha1_base64="lw41jI6ENUW1UMr/HHyN2cYeS7Y=">AAACEnicbVDLSsNAFJ34rPVVdekmWIR20ZJorW6EohtXUtE+oIllMp22QycPZm6EEvINbvwVNy4UcevKnX/jpM1CWw9cOJxzL/fe4wScSTCMb21hcWl5ZTWzll3f2Nzazu3sNqUfCkIbxOe+aDtYUs482gAGnLYDQbHrcNpyRpeJ33qgQjLfu4NxQG0XDzzWZwSDkrq5otWjHHA3slwMQ+FG17dxfF6qlI3CSdEC5lJpGvdR6Tju5vJG2ZhAnydmSvIoRb2b+7J6Pgld6gHhWMqOaQRgR1gAI5zGWSuUNMBkhAe0o6iH1S47mrwU64dK6el9X6jyQJ+ovyci7Eo5dh3VmRwuZ71E/M/rhNA/syPmBSFQj0wX9UOug68n+eg9JigBPlYEE8HUrToZYoEJqBSzKgRz9uV50jwqm9Vy9aaSr12kcWTQPjpABWSiU1RDV6iOGoigR/SMXtGb9qS9aO/ax7R1QUtn9tAfaJ8/Xmecog==</latexit>

�NS = �4.0(5)⇥ 10�3

<latexit sha1_base64="toV3Cne8nRrtyyfZbfAFbP9nlGM=">AAACFHicbVDLSgNBEJyNrxhfUY9eFoMQkYTdJEQvQtCLJ4loHpCNYXYySYbMPpjpFcKyH+HFX/HiQRGvHrz5N84me9DEgoaiqpvuLtvnTIJhfGuppeWV1bX0emZjc2t7J7u715ReIAhtEI97om1jSTlzaQMYcNr2BcWOzWnLHl/GfuuBCsk89w4mPu06eOiyASMYlNTLnlh9ygH3QsvBMBJOeH0bReeFSrFUypdLxxYwh0rTuA8L5aiXzRlFYwp9kZgJyaEE9V72y+p7JHCoC4RjKTum4UM3xAIY4TTKWIGkPiZjPKQdRV2sdnXD6VORfqSUvj7whCoX9Kn6eyLEjpQTx1ad8ely3ovF/7xOAIOzbshcPwDqktmiQcB18PQ4Ib3PBCXAJ4pgIpi6VScjLDABlWNGhWDOv7xImqWiWS1Wbyq52kUSRxodoEOURyY6RTV0heqogQh6RM/oFb1pT9qL9q59zFpTWjKzj/5A+/wBWY2dGg==</latexit>

�NS = �4.22(32)⇥ 10�3

<latexit sha1_base64="08Xg8IRlUjafMQjugyupHk3ILzg="></latexit>

�NS = �4.46(48)⇥ 10�3 to � 4.64(77)⇥ 10�3

Takeaway: Unknown LEC bulk of uncertainty 
Estimate of uncertainty could be improved with UQ experts 
Central values same, not large shift in Vud

<latexit sha1_base64="08Xg8IRlUjafMQjugyupHk3ILzg="></latexit>

�NS = �4.46(48)⇥ 10�3 to � 4.64(77)⇥ 10�3

<latexit sha1_base64="jAp2C4TCloH2dF2R/UTNY0OmtD4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQNyURqYIIRTduxAr2AU0pk8mkHTqZhJmJUEK+wI2/4saFIm5du/NvnLRZaOuBgcM59zLnHjdiVCrL+jYKS8srq2vF9dLG5tb2jrm715ZhLDBp4ZCFousiSRjlpKWoYqQbCYICl5GOO77K/M4DEZKG/F5NItIP0JBTn2KktDQwKzcXDuUKesI596viyFGUeSRxAqRGGLHkNk21OjDLVs2aAi4SOydlkKM5ML8cL8RxQLjCDEnZs61I9RMkFMWMpCUnliRCeIyGpKcpRwGR/WR6TgorWvGgHwr9dLSp+nsjQYGUk8DVk1lMOe9l4n9eL1b+WT+hPIoV4Xj2kR8zqEKYdQM9KghWbKIJwoLqrBCPkEBY6QZLugR7/uRF0j6u2fVa/e6k3LjM6yiCA3AIqsAGp6ABrkETtAAGj+AZvII348l4Md6Nj9lowch39sEfGJ8/XGGbtQ==</latexit>

M =

Z
dr f(r)Õ(r)

Figures courtesy of Garrett King



Neutrinoless double beta decay



<latexit sha1_base64="MGXwyLkT0K88bcvuD/u2+DrY9Ec="></latexit>
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• Searches for  are currently one of the best 
probes into possible new (and high energy) physics 

0νββ

15

• In standard mechanism, half-life depends on nuclear 
matrix elements (NMEs) and effective Majorana mass 

• NMEs are sum of transition operators acting on pairs, 
triplets, etc. of nucleons 

Agostini et al. Rev. Mod. Phys. 95 (2023)

<latexit sha1_base64="wF3rYEbmJLyAYy02JaxUX6ijNm8="></latexit>h
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<latexit sha1_base64="X+CZA1vaSM2HlfFWM2Yow5+o47c=">AAACC3icbVC7TsMwFHV4lvIqMLJYrZCYqqRChQWpgoWxSKSt1JTIcW9bq3YS2Q5SFWVn4VdYGECIlR9g429w0w7QciRbx+fcq+t7gpgzpW3721pZXVvf2CxsFbd3dvf2SweHLRUlkoJLIx7JTkAUcBaCq5nm0IklEBFwaAfj66nffgCpWBTe6UkMPUGGIRswSrSR/FJZ+KkXgCb5lV16KhE+w66fAsvua9g8/FLFrto58DJx5qSC5mj6pS+vH9FEQKgpJ0p1HTvWvZRIzSiHrOglCmJCx2QIXUNDIkD10nyXDJ8YpY8HkTQn1DhXf3ekRCg1EYGpFESP1KI3Ff/zuokeXPRSFsaJhpDOBg0SjnWEp8HgPpNANZ8YQqhk5q+YjogkVJv4iiYEZ3HlZdKqVZ16tX57VmlczeMooGNURqfIQeeogW5QE7mIokf0jF7Rm/VkvVjv1sesdMWa9xyhP7A+fwDiCprz</latexit>
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Neutrinoless double beta decay
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• NMEs are sum of transition operators acting on pairs, 
triplets, etc. of nucleons 
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<latexit sha1_base64="X+CZA1vaSM2HlfFWM2Yow5+o47c=">AAACC3icbVC7TsMwFHV4lvIqMLJYrZCYqqRChQWpgoWxSKSt1JTIcW9bq3YS2Q5SFWVn4VdYGECIlR9g429w0w7QciRbx+fcq+t7gpgzpW3721pZXVvf2CxsFbd3dvf2SweHLRUlkoJLIx7JTkAUcBaCq5nm0IklEBFwaAfj66nffgCpWBTe6UkMPUGGIRswSrSR/FJZ+KkXgCb5lV16KhE+w66fAsvua9g8/FLFrto58DJx5qSC5mj6pS+vH9FEQKgpJ0p1HTvWvZRIzSiHrOglCmJCx2QIXUNDIkD10nyXDJ8YpY8HkTQn1DhXf3ekRCg1EYGpFESP1KI3Ff/zuokeXPRSFsaJhpDOBg0SjnWEp8HgPpNANZ8YQqhk5q+YjogkVJv4iiYEZ3HlZdKqVZ16tX57VmlczeMooGNURqfIQeeogW5QE7mIokf0jF7Rm/VkvVjv1sesdMWa9xyhP7A+fwDiCprz</latexit>
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<latexit sha1_base64="+e72GWCwJu92ngTVVPpN7hoaI/4=">AAACPnicbVBNS8NAEN34bf2qevQSLEJFKIlI9Vj04lHBtEITw2SzbRc32bA7EUrIL/Pib/Dm0YsHRbx6dPtx8OvBMo/3ZtiZF2WCa3ScJ2tmdm5+YXFpubKyura+Ud3camuZK8o8KoVU1xFoJnjKPOQo2HWmGCSRYJ3o9mzkd+6Y0lymVzjMWJBAP+U9TgGNFFa9dt2PpIj1MDGlUGVYQFTu+wh5CDcH4xqZ+q3H17yfQBmCT2OJ/zlRWK05DWcM+y9xp6RGprgIq49+LGmesBSpAK27rpNhUIBCTgUrK36uWQb0Fvqsa2gKCdNBMT6/tPeMEts9qcxL0R6r3ycKSPRoQ9OZAA70b28k/ud1c+ydBAVPsxxZSicf9XJho7RHWdoxV4yiGBoCVHGzq00HoICiSbxiQnB/n/yXtA8bbrPRvDyqtU6ncSyRHbJL6sQlx6RFzskF8Qgl9+SZvJI368F6sd6tj0nrjDWd2SY/YH1+ARZGshw=</latexit>
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Neutrinoless double beta decay
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• NMEs are sum of transition operators acting on pairs, 
triplets, etc. of nucleons 
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<latexit sha1_base64="X+CZA1vaSM2HlfFWM2Yow5+o47c=">AAACC3icbVC7TsMwFHV4lvIqMLJYrZCYqqRChQWpgoWxSKSt1JTIcW9bq3YS2Q5SFWVn4VdYGECIlR9g429w0w7QciRbx+fcq+t7gpgzpW3721pZXVvf2CxsFbd3dvf2SweHLRUlkoJLIx7JTkAUcBaCq5nm0IklEBFwaAfj66nffgCpWBTe6UkMPUGGIRswSrSR/FJZ+KkXgCb5lV16KhE+w66fAsvua9g8/FLFrto58DJx5qSC5mj6pS+vH9FEQKgpJ0p1HTvWvZRIzSiHrOglCmJCx2QIXUNDIkD10nyXDJ8YpY8HkTQn1DhXf3ekRCg1EYGpFESP1KI3Ff/zuokeXPRSFsaJhpDOBg0SjnWEp8HgPpNANZ8YQqhk5q+YjogkVJv4iiYEZ3HlZdKqVZ16tX57VmlczeMooGNURqfIQeeogW5QE7mIokf0jF7Rm/VkvVjv1sesdMWa9xyhP7A+fwDiCprz</latexit>
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<latexit sha1_base64="+e72GWCwJu92ngTVVPpN7hoaI/4=">AAACPnicbVBNS8NAEN34bf2qevQSLEJFKIlI9Vj04lHBtEITw2SzbRc32bA7EUrIL/Pib/Dm0YsHRbx6dPtx8OvBMo/3ZtiZF2WCa3ScJ2tmdm5+YXFpubKyura+Ud3camuZK8o8KoVU1xFoJnjKPOQo2HWmGCSRYJ3o9mzkd+6Y0lymVzjMWJBAP+U9TgGNFFa9dt2PpIj1MDGlUGVYQFTu+wh5CDcH4xqZ+q3H17yfQBmCT2OJ/zlRWK05DWcM+y9xp6RGprgIq49+LGmesBSpAK27rpNhUIBCTgUrK36uWQb0Fvqsa2gKCdNBMT6/tPeMEts9qcxL0R6r3ycKSPRoQ9OZAA70b28k/ud1c+ydBAVPsxxZSicf9XJho7RHWdoxV4yiGBoCVHGzq00HoICiSbxiQnB/n/yXtA8bbrPRvDyqtU6ncSyRHbJL6sQlx6RFzskF8Qgl9+SZvJI368F6sd6tj0nrjDWd2SY/YH1+ARZGshw=</latexit>
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Neutrinoless double beta decay
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• Typically only two-nucleon operators included 
within Chiral EFT approach 

• We want to estimate the impact of  three-
nucleon operators on NMEs



16

EFT approach from top to bottom
<latexit sha1_base64="DBbXZNpVgLalo/UxNPd7/s7ROG4="></latexit>
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EFT approach from top to bottom
<latexit sha1_base64="DBbXZNpVgLalo/UxNPd7/s7ROG4="></latexit>
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<latexit sha1_base64="CmyYjRfzRyXikLkrr70FgkWa+XY="></latexit>

L(5) =
c5
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L
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⌘

<latexit sha1_base64="q/ZQow8JlSn7DJqtbhHnW8eH0P8="></latexit>

L(3) = c5
v2

⇤
⌫TC⌫

Weinberg dim-5 operator

dim-3 Majorana mass term

16
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<latexit sha1_base64="WFquAXCmV/OlAJZYwbUQVC6twao="></latexit>
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+ …

<latexit sha1_base64="gKYWjz4G3jTSyY61xoWcsaVSvm4="></latexit>

LO

O(G2
FQ

0/⇤0
�)

<latexit sha1_base64="gKYWjz4G3jTSyY61xoWcsaVSvm4="></latexit>

LO

O(G2
FQ

0/⇤0
�)

✗

<latexit sha1_base64="2xAwR57/F9gouyzBqJSfJqIVKzg="></latexit>

NLO

O(G2
FQ/⇤�)

Two-nucleon potentials
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<latexit sha1_base64="n2LMt/cEC9oqhRPgMOPwJXglRZw=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSIUCiURqS4UioK4s4J9QNOGm+m0HTqThJmJUEJ/wY2/4saFIm7dufNvnLRdaOuBYQ7n3Mu99/gRo1LZ9reRWVpeWV3Lruc2Nre2d8zdvboMY4FJDYcsFE0fJGE0IDVFFSPNSBDgPiMNf3iV+o0HIiQNg3s1ikibQz+gPYpBackzCy4HNcDAktuxd33hyph7CZz7Y1dB7EGnOPn9TtEz83bJnsBaJM6M5NEMVc/8crshjjkJFGYgZcuxI9VOQCiKGRnn3FiSCPAQ+qSlaQCcyHYyuWhsHWmla/VCoV+grIn6uyMBLuWI+7oy3V/Oe6n4n9eKVe+sndAgihUJ8HRQL2aWCq00HqtLBcGKjTQBLKje1cIDEICVDjGnQ3DmT14k9eOSUy6V707ylctZHFl0gA5RATnoFFXQDaqiGsLoET2jV/RmPBkvxrvxMS3NGLOeffQHxucPqlidiw==</latexit>

OF =
X

a<b

⌧+a ⌧+b

<latexit sha1_base64="rnKTIG5jjVx0Y6aDBTSk9AbEPd8="></latexit>

OGT =
X

a<b

⌧+a ⌧+b �a · �b

<latexit sha1_base64="EStIhwWyWbejQSUGpwGavAkjHME=">AAACIHicbVDLSsNAFJ34rPVVdekmWARFKIlI60Kh6MadFVsVmhhuphM7dPJg5kYoIZ/ixl9x40IR3enXOH0stHpgmMM59zJzjp8IrtCyPo2p6ZnZufnCQnFxaXlltbS2fqXiVFLWorGI5Y0PigkesRZyFOwmkQxCX7Brv3c68K/vmVQ8jprYT5gbwl3EA04BteSVak4I2KUgsvPcax47Kg29DI783EFIPbjdG97+7d6llv18x+kCZjLf9Uplq2INYf4l9piUyRgNr/ThdGKahixCKkCptm0l6GYgkVPB8qKTKpYA7cEda2saQciUmw0D5ua2VjpmEEt9IjSH6s+NDEKl+qGvJwdx1KQ3EP/z2ikGh27GoyRFFtHRQ0EqTIzNQVtmh0tGUfQ1ASq5/qtJuyCBou60qEuwJyP/JVf7FbtaqV4clOsn4zoKZJNskR1ikxqpkzPSIC1CyQN5Ii/k1Xg0no034300OmWMdzbILxhf37jwo/A=</latexit>

OT =
X

a<b

⌧+a ⌧+b Sab(r̂)

<latexit sha1_base64="ItL3V6jjokBXYUBI/Bq+CuZsTB0="></latexit>

Mi = 4⇡RA

Z
drVi(r)(4⇡r

2⇢i(r)), i 2 {F,GT, T}

<latexit sha1_base64="touAw/ZRrG0ul59uxrnPmFv4rdM="></latexit>

4⇡r2⇢i(r) = h f |

X

a<b

Oi�(rab � r)| ii

Cirigliano et al. PRL 120 (2018)     Cirigliano et al. PRC 97 (2018)    Pastore et al. PRC 97 (2018)

<latexit sha1_base64="gKYWjz4G3jTSyY61xoWcsaVSvm4="></latexit>
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Two-nucleon potentials

operators densities
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Benchmark calculations
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See Sam Novario’s talk next week Wed @ 9:45 am 
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<latexit sha1_base64="WFquAXCmV/OlAJZYwbUQVC6twao="></latexit>
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<latexit sha1_base64="2fREvmDL0qeuS1G7FNSpwguyGeU=">AAAB/XicbVBLSwMxGMzWV62v9XHzEiyCp7JbpHosevEkFewD2qVk02wbmmSXJCvUZfGvePGgiFf/hzf/jdntHrR1IGSY+T4yGT9iVGnH+bZKK6tr6xvlzcrW9s7unr1/0FFhLDFp45CFsucjRRgVpK2pZqQXSYK4z0jXn15nfveBSEVDca9nEfE4GgsaUIy0kYb20YAjPZE8yW8/SOq3aTq0q07NyQGXiVuQKijQGtpfg1GIY06Exgwp1XedSHsJkppiRtLKIFYkQniKxqRvqECcKC/J06fw1CgjGITSHKFhrv7eSBBXasZ9M5llVIteJv7n9WMdXHoJFVGsicDzh4KYQR3CrAo4opJgzWaGICypyQrxBEmEtSmsYkpwF7+8TDr1mtuoNe7Oq82roo4yOAYn4Ay44AI0wQ1ogTbA4BE8g1fwZj1ZL9a79TEfLVnFziH4A+vzBw5FlaE=</latexit>

2N
<latexit sha1_base64="jmoQqNqGQIceHcQcar8diIpkFbc=">AAAB/XicbVBLSwMxGMzWV62v9XHzEiyCp7KrUj0WvXiSCvYB7VKyabYNTbJLkhXqsvhXvHhQxKv/w5v/xux2D9o6EDLMfB+ZjB8xqrTjfFulpeWV1bXyemVjc2t7x97da6swlpi0cMhC2fWRIowK0tJUM9KNJEHcZ6TjT64zv/NApKKhuNfTiHgcjQQNKEbaSAP7oM+RHkue5LcfJGe3aTqwq07NyQEXiVuQKijQHNhf/WGIY06Exgwp1XOdSHsJkppiRtJKP1YkQniCRqRnqECcKC/J06fw2ChDGITSHKFhrv7eSBBXasp9M5llVPNeJv7n9WIdXHoJFVGsicCzh4KYQR3CrAo4pJJgzaaGICypyQrxGEmEtSmsYkpw57+8SNqnNbdeq9+dVxtXRR1lcAiOwAlwwQVogBvQBC2AwSN4Bq/gzXqyXqx362M2WrKKnX3wB9bnDw/MlaI=</latexit>
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<latexit sha1_base64="WFquAXCmV/OlAJZYwbUQVC6twao="></latexit>

N
2
LO

O(G2
FQ

2/⇤2
�)

<latexit sha1_base64="acZHZt/gK0T6w7/3BkPDzhkHCg8="></latexit>

N
3
LO

O(G3
FQ

2/⇤3
�)

Three-nucleon potentials
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• Additional spin and isospin structure 

• Additional LECs (known and unknown) 
• Momentum- and coordinate-space potentials

<latexit sha1_base64="cxsWQmp4OQbFxldgDBlDqGfpMoo="></latexit>

{�i · �j ⇥ �k, (�j · r̂ij)(�k · �i ⇥ r̂ij), . . .}⌦ ⌧+i [⌧ j ⇥ ⌧ k]
+

<latexit sha1_base64="+tcVUq2dLGudaW6Qj/5nS9BPmLI="></latexit>

{(�j · r̂ij)(�k · r̂ij), (�j · r̂ij)(�k · r̂ik)(r̂ij · r̂ik), . . .}⌦ ⌧+i ⌧+j

<latexit sha1_base64="31b6WSwSozDKPzxhN6Mkj0srJVk=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIsgCCUztGO7K+rCZQX7gHYcMmmmDc08SDJCGQr+ihsXirj1O9z5N6YvUNEDF07OuZfce/yEM6kQ+jSWlldW19ZzG/nNre2dXXNvvynjVBDaIDGPRdvHknIW0YZiitN2IigOfU5b/vBy4rfuqZAsjm7VKKFuiPsRCxjBSkueeRjcda8oV9grnQVeefEwC6hol1G1YkFURBq2rUkZWVXHgdZUQagA5qh75ke3F5M0pJEiHEvZsVCi3AwLxQin43w3lTTBZIj7tKNphEMq3Wy6/hieaKUHg1joihScqt8nMhxKOQp93RliNZC/vYn4l9dJVVBxMxYlqaIRmX0UpByqGE6ygD0mKFF8pAkmguldIRlggYnSieV1CItL4f+kaRctp+jclAq1i3kcOXAEjsEpsMA5qIFrUAcNQEAGHsEzeDEejCfj1XibtS4Z85kD8APG+xdhvJUm</latexit>

f�
4 + f�

5

Three-nucleon potentials structure

<latexit sha1_base64="Cvfv8Ycq8dnbU8j5NumXDQjKjho="></latexit>

m�++ �m�+ �m�0 +m�� = �m(2)
� = �4

3
e2F 2

⇡f
�
4

<latexit sha1_base64="8Zks+L8pO9ZS9Qg7ZtsxK0sRy/Y=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBRSkzWqrL+li4rGAf0A5DJk3b0EwmJBmhDN248VfcuFDErf/gzr8xnc5CWw8cOJxzL8k9gWBUacf5tnJLyyura/n1wsbm1vaOvbvXVFEsMWngiEWyHSBFGOWkoalmpC0kQWHASCsYXU/z1gORikb8Xo8F8UI04LRPMdLG8u3DoX9Z6o6QEMh3SzjlmWHF8Ma3i07ZSQEXhZuJIshQ9+2vbi/CcUi4xgwp1XEdob0ESU0xI5NCN1ZEIDxCA9IxkqOQKC9Jr5jAY+P0YD+ShlzD1P29kaBQqXEYmMkQ6aGaz6bmf1kn1v0LL6FcxJpwPHuoHzOoIzitBPaoJFizsREIS2r+CvEQSYS1Ka5gSnDnT14UzdOyWy1X7yrF2lVWRx4cgCNwAlxwDmrgFtRBA2DwCJ7BK3iznqwX6936mI3mrGxnH/yB9fkDVPqWjw==</latexit>

hA,1, c1, c3, c4, cD

<latexit sha1_base64="Cvfv8Ycq8dnbU8j5NumXDQjKjho="></latexit>

m�++ �m�+ �m�0 +m�� = �m(2)
� = �4

3
e2F 2

⇡f
�
4

<latexit sha1_base64="CTpG8O6oi4uUXunnWvisrsnx0KU=">AAACGHicbZDNSsNAFIUn9b/+VV26GSxCXRiTIlYQoagLN4KCrYUmlsn0tg7OJGFmIpTQx3Djq7hxoYjb7nwbJzULtR4Y+Dj3XubeE8ScKe04n1Zhanpmdm5+obi4tLyyWlpbb6ookRQaNOKRbAVEAWchNDTTHFqxBCICDjfB/WlWv3kAqVgUXutBDL4g/ZD1GCXaWJ3SntcFrgkWHe8sg9u0Ut0ZHu+6ds2LRdWuYU8QfSdF6h1dQHPYKZUd2xkLT4KbQxnluuyURl43oomAUFNOlGq7Tqz9lEjNKIdh0UsUxITekz60DYZEgPLT8WFDvG2cLu5F0rxQ47H7cyIlQqmBCExntqX6W8vM/2rtRPcO/ZSFcaIhpN8f9RKOdYSzlHCXSaCaDwwQKpnZFdM7IgnVJsuiCcH9e/IkNKu2e2AfXO2X6yd5HPNoE22hCnJRDdXRObpEDUTRI3pGr+jNerJerHfr47u1YOUzG+iXrNEX0dueaQ==</latexit>

�m(2)
� = �1.7± 2.7 MeV

E. Epelbaum et al. Nuc. Phys. A. 806 (2008)
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Isospin densities

<latexit sha1_base64="ERL9PxTIf+S84NnpFxCYiy1a2XI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2V6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U1L3Mv5j0SmWv4s2Al4mfkzLkqPdKX92+omnMpKWCGNPxvcQGGdGWU8EmxW5qWELoiAxYx1FJYmaCbHbtBJ86pY8jpV1Ji2fq74mMxMaM49B1xsQOzaI3Ff/zOqmNroOMyyS1TNL5oigV2Co8fR33uWbUirEjhGrubsV0SDSh1gVUdCH4iy8vk+Z5xa9WqveX5dpNHkcBjuEEzsCHK6jBHdShARQe4Rle4Q0p9ILe0ce8dQXlM0fwB+jzBz6fju4=</latexit>r13

<latexit sha1_base64="b9pAo87jyfpMRhfumdBy/ACluIE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWqR6LXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHNzP/4Ylpw5W8t5OEBTEZSh5xSqyT2rqf+bVpv1zxqt4ceJX4OalAjma//NUbKJrGTFoqiDFd30tskBFtORVsWuqlhiWEjsmQdR2VJGYmyObXTvGZUwY4UtqVtHiu/p7ISGzMJA5dZ0zsyCx7M/E/r5va6CrIuExSyyRdLIpSga3Cs9fxgGtGrZg4Qqjm7lZMR0QTal1AJReCv/zyKmnXqn69Wr+7qDSu8ziKcAKncA4+XEIDbqEJLaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHz0aju0=</latexit>r12
<latexit sha1_base64="/7QYFoBqlWZG1Jxip6B/vmOzIz8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtUj0WvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GZ+54kqzaR4MNOY+hEeCRYygo2V2mqQ1i5mg3LFrbpzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4bWfMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmnXql69Wr+/rDRu8jiKcAKncA4eXEED7qAJLSDwCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdAJY7v</latexit>r23<latexit sha1_base64="QgqwdCzvz4tHmSmZwly4eZ7OJtk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQq1WPRi8cK9gPSUDbbabt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqBk2mhNKdiBoQXEITOQroJBpoHAloR+O7md9+Am24ko84SSCM6VDyAWcUrRR0cQRIe5l/Oe2VK17Vm8NdJX5OKiRHo1f+6vYVS2OQyAQ1JvC9BMOMauRMwLTUTQ0klI3pEAJLJY3BhNn85Kl7ZpW+O1DalkR3rv6eyGhszCSObGdMcWSWvZn4nxekOLgJMy6TFEGyxaJBKlxU7ux/t881MBQTSyjT3N7qshHVlKFNqWRD8JdfXiWti6pfq9Yerir12zyOIjkhp+Sc+OSa1Mk9aZAmYUSRZ/JK3hx0Xpx352PRWnDymWPyB87nDw+nkSA=</latexit>

✓13
<latexit sha1_base64="QoCIcwPV7gZ+/YgfETYhlFWckD8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN+3SzSbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKvT6OOdJB5tVmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxYnz8iFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/j8ZCs0ZyqkllGlhbyVsTDVlaFMq2RC81ZfXSbtW9erV+sNVpXGbx1GEMziHS/DgGhpwD01oAYMYnuEV3hx0Xpx352PZWnDymVP4A+fzBw4ikR8=</latexit>

✓12
<latexit sha1_base64="NdGQteEqcZE/fK2uxbBZuSRAjDo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkmV6rHoxWMF+wFpKJvttF262YTdiVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqDk0ey1h3QmZACgVNFCihk2hgUSihHY7vZn77CbQRsXrESQJBxIZKDARnaCW/iyNA1suql9NeqexW3DnoKvFyUiY5Gr3SV7cf8zQChVwyY3zPTTDImEbBJUyL3dRAwviYDcG3VLEITJDNT57Sc6v06SDWthTSufp7ImORMZMotJ0Rw5FZ9mbif56f4uAmyIRKUgTFF4sGqaQY09n/tC80cJQTSxjXwt5K+YhpxtGmVLQheMsvr5JWteLVKrWHq3L9No+jQE7JGbkgHrkmdXJPGqRJOInJM3klbw46L86787FoXXPymRPyB87nDxEtkSE=</latexit>

✓23
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Isospin densities

<latexit sha1_base64="ERL9PxTIf+S84NnpFxCYiy1a2XI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2V6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U1L3Mv5j0SmWv4s2Al4mfkzLkqPdKX92+omnMpKWCGNPxvcQGGdGWU8EmxW5qWELoiAxYx1FJYmaCbHbtBJ86pY8jpV1Ji2fq74mMxMaM49B1xsQOzaI3Ff/zOqmNroOMyyS1TNL5oigV2Co8fR33uWbUirEjhGrubsV0SDSh1gVUdCH4iy8vk+Z5xa9WqveX5dpNHkcBjuEEzsCHK6jBHdShARQe4Rle4Q0p9ILe0ce8dQXlM0fwB+jzBz6fju4=</latexit>r13

<latexit sha1_base64="b9pAo87jyfpMRhfumdBy/ACluIE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWqR6LXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHNzP/4Ylpw5W8t5OEBTEZSh5xSqyT2rqf+bVpv1zxqt4ceJX4OalAjma//NUbKJrGTFoqiDFd30tskBFtORVsWuqlhiWEjsmQdR2VJGYmyObXTvGZUwY4UtqVtHiu/p7ISGzMJA5dZ0zsyCx7M/E/r5va6CrIuExSyyRdLIpSga3Cs9fxgGtGrZg4Qqjm7lZMR0QTal1AJReCv/zyKmnXqn69Wr+7qDSu8ziKcAKncA4+XEIDbqEJLaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHz0aju0=</latexit>r12
<latexit sha1_base64="/7QYFoBqlWZG1Jxip6B/vmOzIz8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtUj0WvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GZ+54kqzaR4MNOY+hEeCRYygo2V2mqQ1i5mg3LFrbpzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4bWfMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmnXql69Wr+/rDRu8jiKcAKncA4eXEED7qAJLSDwCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdAJY7v</latexit>r23<latexit sha1_base64="QgqwdCzvz4tHmSmZwly4eZ7OJtk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQq1WPRi8cK9gPSUDbbabt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqBk2mhNKdiBoQXEITOQroJBpoHAloR+O7md9+Am24ko84SSCM6VDyAWcUrRR0cQRIe5l/Oe2VK17Vm8NdJX5OKiRHo1f+6vYVS2OQyAQ1JvC9BMOMauRMwLTUTQ0klI3pEAJLJY3BhNn85Kl7ZpW+O1DalkR3rv6eyGhszCSObGdMcWSWvZn4nxekOLgJMy6TFEGyxaJBKlxU7ux/t881MBQTSyjT3N7qshHVlKFNqWRD8JdfXiWti6pfq9Yerir12zyOIjkhp+Sc+OSa1Mk9aZAmYUSRZ/JK3hx0Xpx352PRWnDymWPyB87nDw+nkSA=</latexit>

✓13
<latexit sha1_base64="QoCIcwPV7gZ+/YgfETYhlFWckD8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN+3SzSbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKvT6OOdJB5tVmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxYnz8iFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/j8ZCs0ZyqkllGlhbyVsTDVlaFMq2RC81ZfXSbtW9erV+sNVpXGbx1GEMziHS/DgGhpwD01oAYMYnuEV3hx0Xpx352PZWnDymVP4A+fzBw4ikR8=</latexit>

✓12
<latexit sha1_base64="NdGQteEqcZE/fK2uxbBZuSRAjDo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkmV6rHoxWMF+wFpKJvttF262YTdiVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqDk0ey1h3QmZACgVNFCihk2hgUSihHY7vZn77CbQRsXrESQJBxIZKDARnaCW/iyNA1suql9NeqexW3DnoKvFyUiY5Gr3SV7cf8zQChVwyY3zPTTDImEbBJUyL3dRAwviYDcG3VLEITJDNT57Sc6v06SDWthTSufp7ImORMZMotJ0Rw5FZ9mbif56f4uAmyIRKUgTFF4sGqaQY09n/tC80cJQTSxjXwt5K+YhpxtGmVLQheMsvr5JWteLVKrWHq3L9No+jQE7JGbkgHrkmdXJPGqRJOInJM3klbw46L86787FoXXPymRPyB87nDxEtkSE=</latexit>

✓23

<latexit sha1_base64="53rhVJBj/rAAyz7aF1oipb+VIfo=">AAACJnicbVBdSwJBFJ21L7Mvq8dehiRQENnVsCAEyZceDfIDVGR2dlYHZz+YmQ1k2V/TS3+llx6MiN76Kc26S5R2YeDcc85l7j2mz6iQuv6pZTY2t7Z3sru5vf2Dw6P88UlXeAHHpIM95vG+iQRh1CUdSSUjfZ8T5JiM9MxZK9Z7j4QL6rkPcu6TkYMmLrUpRlJR43yjVeTj0KhFpcaQuhJacVeN4E9TranmJnFVo3JiLidCaZwv6BV9WXAdGCkogLTa4/xiaHk4cIgrMUNCDAzdl6MQcUkxI1FuGAjiIzxDEzJQ0EUOEaNweWYELxRjQdvj6qntluzviRA5QswdUzkdJKdiVYvJ/7RBIO3rUUhdP5DExclHdsCg9GCcGbQoJ1iyuQIIc6p2hXiKOMJSJZtTIRirJ6+DbrVi1Cv1+8tC8zaNIwvOwDkoAgNcgSa4A23QARg8gRewAG/as/aqvWsfiTWjpTOn4E9pX98EXqMQ</latexit>

C(r13) =

Z
dr12

Z
dr23 C(r12, r13, r23)

<latexit sha1_base64="IDcP9E6uYs1PzF5zTlehJpQYtSI=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIdVMSK1UQodiNG6WCvUATwmQyaYdOLsxMhBKydOOruHGhiFsfwZ1v47TNQlt/GPj4zznMOb8bMyqkYXxrC4tLyyurhbXi+sbm1ra+s9sWUcIxaeGIRbzrIkEYDUlLUslIN+YEBS4jHXfYGNc7D4QLGoX3chQTO0D9kPoUI6ksRz+4cdLqbXZp0VBCjzupWc2gddEoT/HY0UtGxZgIzoOZQwnkajr6l+VFOAlIKDFDQvRMI5Z2irikmJGsaCWCxAgPUZ/0FIYoIMJOJ4dk8Eg5HvQjrp7aZ+L+nkhRIMQocFVngORAzNbG5n+1XiL9czulYZxIEuLpR37CoIzgOBXoUU6wZCMFCHOqdoV4gDjCUmVXVCGYsyfPQ/ukYtYqtbvTUv0qj6MA9sEhKAMTnIE6uAZN0AIYPIJn8AretCftRXvXPqatC1o+swf+SPv8ARfsmB4=</latexit>

M3N =

Z
dr13 C(r13)
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2N and 3N densities
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N3LO 3N densities for 6He 🠆 6Be
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VMC three-nucleon matrix elements

McD
∫,3

Mc4
∫,3

Mc3
∫,3
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4 +f¢

5
∫,3
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∫,3
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IIb IIb? Ia Ia?

0.75 1.00 1.25

MN3LO
∫,3

MN2LO
∫,3

0.75 1.00 1.25
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(MÆ
∫,3 + M∫,2)/M∫,2
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Physics implications: naive extrapolation
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Conclusions

• Many-body method and chiral EFT is 
useful tool for studying beta decays 

• Uncertainties in LECs plague 
uncertainties in predictions 

• Single and double beta decay useful 
in new physics search 

• Importance of 3N operators in 
neutrinoless double beta decay 
calculations 

• In future, higher order corrections to 
superallowed (3N) and neutrinoless 
(2N at N3LO) decays
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Thank you!

WUSTL: Pastore, Piarulli, Novario, Weiss 
LANL: King, Mereghetti, Carlson, Gandolfi 
ANL: Wiringa 
JLab/ODU: Andreoli, Gnech, Schiavilla
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Backup
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DT diagrams

<latexit sha1_base64="eIzy7wGTRbt4Q8xDFvRefTAArJw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiHjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mr2d++5FrI2L1gJOE+xEdKhEKRtFK96x/0y9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophpd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uvFK/yuMowhEcwyl4cAF1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzcMEI2p</latexit>cD

<latexit sha1_base64="oOPmtLRLeOWw1sRHtib0/kWP+fg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXiMmBckS5id9CZDZmeXmVkhhHyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHsu6GSfoR3QgecgZNVZ6vOvVe8WSW3bnIKvEy0gJMtR6xa9uP2ZphNIwQbXueG5i/AlVhjOB00I31ZhQNqID7FgqaYTan8xPnZIzq/RJGCtb0pC5+ntiQiOtx1FgOyNqhnrZm4n/eZ3UhNf+hMskNSjZYlGYCmJiMvub9LlCZsTYEsoUt7cSNqSKMmPTKdgQvOWXV0nzouxVypWHy1L1JosjDydwCufgwRVU4R5q0AAGA3iGV3hzhPPivDsfi9ack80cwx84nz/1B42a</latexit>

DT
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 in the three-nucleon sectorgNN
ν
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10C to 10B GT beta decay
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8He to 8Li GT beta decay


