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Outline

▪ Introduction – Ab initio nuclear theory – no-core shell model (NCSM)

▪ Ab initio calculations of parity-violating moments

▪
6He β-decay

▪ Super-allowed Fermi transitions - electroweak radiative correction δNS
- isospin-symmetry breaking correction δC

▪
7Li(p,e+e-)8Be internal pair creation and the X17 anomaly 

▪ Conclusions & topics for discussion

▪ Backup slides – muon capture on light nuclei, 16N beta decay
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Ab initio nuclear theory -
no-core shell model (NCSM)
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Chiral Effective 

Field Theory

(parameters fitted 

to NN data)

First principles or ab initio nuclear theory

Quantum Chromodynamics

(QCD)

Current ab initio 

nuclear theory

HY(A) = EY(A)

Lawrence Livermore National Laboratory 4 LLNL#PRES#XXXXXX 

To develop such an ab initio nuclear theory we: 

 1) Start with accurate nuclear forces (and currents) 

+ ... + ... + ... 

NN force NNN force NNNN force 

Q0 

LO 

Q2 

NLO 

Q3 

N2LO 

Q4 

N3LO 

Worked out by Van Kolck, Keiser, 
Meissner, Epelbaum, Machleidt, ... 

" Two- plus three-nucleon (NN+3N) 
forces from chiral effective field 

theory (EFT) 

 



5Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

▪ Basis expansion method

▪ Harmonic oscillator (HO) basis truncated in a particular way (Nmax)

▪ Why HO basis? 

▪ Lowest filled HO shells match magic numbers of light nuclei 
(2, 8, 20 – 4He, 16O, 40Ca)

▪ Equivalent description in relative(Jacobi)-coordinate and 
Slater determinant basis

▪ Short- and medium range correlations

▪ Bound-states, narrow resonances

NCSM

1max += NN
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▪ Lowest filled HO shells match magic numbers of light nuclei 
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Slater determinant basis
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▪ Bound-states, narrow resonances
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l = 1,3

l = 0,2

l = 1

l = 0

N = 1

N = 0

𝐸 = (2𝑛 + 𝑙 + 3
2
)𝔥Ω

1max += NN

NCSM



7Binding energies of atomic nuclei with NN+3N forces from chiral Effective Field Theory

▪ Quite reasonable description of binding energies across the nuclear charts becomes feasible

▪ The Hamiltonian fully determined in A=2 and A=3,4 systems

▪ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life

▪ Light nuclei – NCSM

▪ Medium mass nuclei – Self-Consistent Green’s Function method 
17
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FIG. 21. Rat io of expectat ion values of three- (V3N ) and

two-body (V2N ) operators in the NNLOsat and NN+ 3N (lnl)
Hamiltonians. For the lat ter, the two-body part of the

cent re-of-mass kinet ic energy has been subt racted. For the
NN+ 3N (lnl) interact ion, V3N contains original (i.e. SRG-

unevolved) three-body forces while induced three-body op-
erators have been included in V2N . Calculat ions are per-

formed at the ADC(2) level. Results are shown for N =
Z = { 2, 8, 16, 20, 24, 40} nuclei (full symbols), plus 48S and
78Ni (empty symbols).

applied only to specific cases [18, 54], but never tested
in a systemat ic way. In the present work its main
ground-state propert ies as well as some selected excita-
t ion spect ra have been studied extensively in light and
medium-mass nuclei. Results in light systems are very
encouraging, with NCSM calculat ions in overall good
agreement with experiment even for spect ra that are
known to be part icularly sensit ive to nuclear forces. To-
tal energies are well reproduced across the whole light
sector of the nuclear chart . In medium-mass nuclei,
present calculat ions focused on three representat ive iso-
topic chains. Total binding energies are found to be in
remarkable agreement with experimental values all the
way up to nickel isotopes once ADC(3) correlat ions are
included, thus correct ing for the overbinding generated
with NN+ 3N (400). ADC(2) calculat ions of di↵erent ial
quant it ies, where ADC(3) cont ribut ions essent ially can-
cel out , are also very sat isfactory and are able to cap-
ture main t rends and magic gaps in two-neut ron sepa-
rat ion energies along all three chains. As evidenced in
Fig. 20, although largely improving on NN+ 3N (400),
rms charge radii obtained with the NN+ 3N (lnl) inter-
act ion st ill underest imate experiment and do not reach
the quality of NNLOsat . On the other hand this interac-
t ion yieldsan excellent spect roscopy, also whereNNLOsat

st rives to give even a qualitat ively correct account of
experimental data. One-nucleon addit ion and removal
spectra in neut ron-rich calcium are well reproduced. Im-
pressively, theevolut ion of theenergy di↵erencesbetween
the ground and first excited states along potassium iso-
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FIG. 22. Binding energy per part icle for a set of doubly

closed-shell nuclei computed with three di↵erent N N + 3N
interact ions and compared to available experimental data.

NNLOsat and NN+ 3N (lnl) values come from the present work
and refer to ADC(3) calculat ions. 1.8/ 2.0 (EM) result s were

obtained via full-space IM-SRG(2) calculat ions and originally
published in Ref. [30].

topes follows closely the experimental measurements.

Further insight can be gained by gauging the impor-
tance of 3N operators in the two interact ions. In Fig. 21
the rat io of 3N over 2N cont ribut ions to the total en-
ergy is displayed for a select ion of nuclei as a funct ion of
mass number A for NNLOsat and NN+ 3N (lnl). In the
former, 3N operators are much more relevant , reaching
almost 20% of the 2N cont ribut ion in heavier systems.
On the contrary, the rat io stays rather low, around 5%,
for NN+ 3N (lnl). This has first of all pract ical conse-
quences, as in the majority of many-body calculat ions
the t reatment of 3N operators is usually not exact , fol-
lowing either a normal-ordered two-body approximat ion
(see e.g. [27]) or some generalisat ion of it [70]. Hence a
st rong 3N component is in general not desirable. On top
of that , one might worry about the hierarchy of many-
body forces from the standpoint of EFT, and possible
need to includesubleading 3N or 4N operators that could
have a sizeable e↵ect .

Finally, let us compare NN+ 3N (lnl) and NNLOsat to
an interact ion that has been extensively employed in nu-
clear st ructure studies in the last few years. Usually la-
belled as 1.8/ 2.0 (EM) and first int roduced in Ref. [32], it
has proven to yield an accurate reproduct ion of ground-
state energies (as well as low-energy excitat ion spectra)
over a wide range of nuclei [30, 54, 112, 113]. Further-
more, it leads to a sat isfactory descript ion of infinite nu-
clear mat ter propert ies [11, 32, 114]. In Fig. 22 bind-
ing energies per part icle obtained within in-medium simi-
larity renormalisat ion group (IM-SRG) calculat ions with
the 1.8/ 2.0 (EM) interact ion [30] are compared, for a
set of closed-shell systems, to the ones computed at the
ADC(3) level with NN+ 3N (lnl) and NNLOsat . The three
sets of calculat ions achieve an overall excellent reproduc-
t ion of experimental data. While NNLOsat results supe-

1.8/2.0 (EM) results: J. Simonis, S. R. Stroberg, K. Hebeler, 

J. D. Holt, and A. Schwenk, Phys. Rev. C 96, 014303 (2017). 

NN N3LO (Entem-Machleidt 2003)

3N N2LO w local/non-local regulator
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▪ Quite reasonable description of binding energies across the nuclear charts becomes feasible

▪ The Hamiltonian fully determined in A=2 and A=3,4 systems

▪ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
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Ab initio calculations                   
of parity-violating moments
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Why investigate the anapole moment and the EDM?

▪ Parity violation in atomic and molecular systems sensitive to a variety of “new physics” 

▪ Probes electron-quark electroweak interaction

▪ Best limits on the Z’ boson parity violating interaction with electrons and nucleons

▪ The EDM is a promising probe for CP violation beyond the standard model as well as 

CP violating QCD ҧ𝜃 parameter

▪ Nuclear structure can enhance the EDM

▪ Nuclear EDMs can be measured in storage rings (CERN feasibility study: 

arXiv:1912.07881)



11Nuclear spin dependent parity violating effects in light polyatomic molecules 

▪ Experiments proposed for 9BeNC, 25MgNC

▪ To extract the underlying physics, atomic, molecular, 
and nuclear structure effects must be understood

▪ Ab initio calculations

▪ Spin dependent PV

▪ Z-boson exchange between nucleon axial-
vector and electron-vector currents (b)

▪ Electromagnetic interaction of atomic electrons 
with the nuclear anapole moment (c)



12Parity violating nucleon-nucleon interaction

▪ Meson exchange approach

▪ Chiral EFT

▪ Unknown parameters (LECs)

▪ DDH (1980) – estimates based on the quark 
model

▪ Experiments give conflicting limits on the 
weak couplings
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▪ Meson exchange approach

▪ Chiral EFT

▪ Unknown parameters (LECs)

▪ DDH (1980) – estimates based on the quark 
model

▪ Experiments give conflicting limits on the 
weak couplings



14Parity violating nucleon-nucleon interaction and the nuclear anapole moment

▪ Parity violating (non-conserving) VNN
PNC interaction

▪ Conserves total angular momentum I

▪ Mixes opposite parities 

▪ Has isoscalar, isovector and isotensor components

▪ Admixes unnatural parity states in the ground state



15Parity violating nucleon-nucleon interaction and the nuclear anapole moment

▪ Parity violating (non-conserving) VNN
PNC interaction

▪ Conserves total angular momentum I

▪ Mixes opposite parities 

▪ Has isoscalar, isovector and isotensor components

▪ Admixes unnatural parity states in the ground state

▪ Anapole moment operator dominated by 
spin contribution

▪ Here is what we want to calculate:

32

FIG. 7 (Color online) The toroidal component of current den-

sity j produces anapole moment a , with magnet ic field B that
is ent irely confined inside the “ doughnut ” . The azimuthal

component of current density generates magnet ic dipole mo-
ment aligned with a , with it s associated convent ional dipolar

magnet ic field not shown.

defining the constant ⌘NA M in Eq. (36). Atomic elect rons

interact with NAM only inside the nucleus, as is appar-

ent from the classical analog, since the magnet ic field is

ent irely confined inside the “ doughnut” . Another impor-

tant observat ion is that the NAM is proport ional to the

area of the toroidal winding, i.e., / (nuclear radius)2 /

A2/ 3, where A is the atomic number, illust rat ing the

t rend in Eq. (38).

Microscopically, the nuclear anapole arises due to

nucleon-nucleon interact ion, mediated by meson ex-

change, where one of the nucleon-meson vertexes is

st rong and another is weak and P-violat ing. Thus,

determinat ion of anapole moments from atomic parity

violat ion provides an important window into hadronic

PNC (Haxton and Wieman, 2001). The innards of

the anapole bubble in Fig. 5(c) are shown in Fig. 7

of the review by Haxton and Wieman (2001). The

nuclear-physics approach is to characterize weak meson-

nucleon couplings in terms of parameters of Desplan-

ques, Donoghueand Holstein (DDH) (Desplanqueset al.,

1980), who deduced SM est imates of their values. These

six hadronic PNC parameters are f ⇡ , h0,1,2
⇢ , h0,1

! , where

the subscript (⇡,⇢, ! ) indicates meson type and the su-

perscript stands for isoscalar (0), isovector (1), or isoten-

sor (2). We refer the reader to Haxton and Wieman

(2001) for a detailed review of nuclear st ructure cal-

culat ions of NAMs within the DDH parameterizat ion.

The e↵ect ive field theory parameterizat ions of hadronic

PNC, an alternat ive to DDH, arealso discussed (Ramsey-

Musolf and Page, 2006), although NAM analysis in this

framework remains to be carried out . It should be

pointed out that a more recent review (Haxton and Hol-

stein, 2013) omits the Cs result . These authors explain

the omission by the fact that the accuracy of the con-

st raints on the nucleon-nucleon PNC interact ion derived

FIG. 8 (Color online) Const raints on combinat ions of par-
ity violat ing meson couplings (⇥107 ) derived from Cs anapole

moment (yellow band) and nuclear experiments. Bands have
a width of one standard deviat ion. Best value predicted by

the DDH analysis is also shown. This figure combines Cs
NAM band from Haxton and Wieman (2001) with more re-

cent nuclear-physics const raints figure from Haxton and Hol-
stein (2013).

from the NAM experiments is somewhat difficult to as-

sess due to complex nuclear polarizability issues.

The derived bounds (Haxton and Wieman, 2001; Hax-

ton and Holstein, 2013) on PNC meson couplings are

shown in Fig. 8. The 133Cs APV result is shown in addi-

t ion to constraints from scat tering of polarized protonson

unpolarized proton and 4He targets and emission of cir-

cularly polarized photons from 18F and 19F nuclei. The

area colored red lies at the intersect ion of nuclear ex-

perimental bands. There is some tension with the Cs

anapole moment result , although the Cs result is consis-

tent with “ reasonable ranges” of the DDH parameters.

Haxton and Wieman (2001) point out that addit ional

APV experiments with unpaired-neutron nuclei would

produce a band perpendicular to the Cs band (the 133Cs

anapole moment is primarily due to a valence proton).

This provides st rong mot ivat ion for the ongoing exper-

iments to measure nuclear-spin-dependent APV e↵ects

in nuclei with unpaired neutrons such as 171Yb (Leefer

et al., 2014), 212Fr (Aubin et al., 2013), and 137Ba (De-

Mille et al., 2008a).
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NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?

▪ Solving Schroedinger equation with inhomogeneous term

▪ To invert this equation, we apply the Lanczos algorithm

— Bring matrix to tri-diagonal form (v1, v2 … orthonormal, H Hermitian)

— nth iteration computes 2nth moment

— Eigenvalues converge to extreme (largest in magnitude) values

— ~ 150-200 iterations needed for 10 eigenvalues (even for 109 states)
   

Hv1 = a1v1 + b1v2

Hv2 = b1v1 + a2v2 + b2v3

Hv3 =             b2v2 + a3v3 + b3v4

Hv4 =                        b3v3 + a4v4 + b4v5

32
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ent irely confined inside the “ doughnut” . Another impor-

tant observat ion is that the NAM is proport ional to the

area of the toroidal winding, i.e., / (nuclear radius)2 /
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t rend in Eq. (38).

Microscopically, the nuclear anapole arises due to

nucleon-nucleon interact ion, mediated by meson ex-
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st rong and another is weak and P-violat ing. Thus,
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Musolf and Page, 2006), although NAM analysis in this

framework remains to be carried out . It should be

pointed out that a more recent review (Haxton and Hol-

stein, 2013) omits the Cs result . These authors explain

the omission by the fact that the accuracy of the con-

st raints on the nucleon-nucleon PNC interact ion derived

FIG. 8 (Color online) Const raints on combinat ions of par-
ity violat ing meson couplings (⇥107 ) derived from Cs anapole

moment (yellow band) and nuclear experiments. Bands have
a width of one standard deviat ion. Best value predicted by

the DDH analysis is also shown. This figure combines Cs
NAM band from Haxton and Wieman (2001) with more re-

cent nuclear-physics const raints figure from Haxton and Hol-
stein (2013).

from the NAM experiments is somewhat difficult to as-

sess due to complex nuclear polarizability issues.

The derived bounds (Haxton and Wieman, 2001; Hax-

ton and Holstein, 2013) on PNC meson couplings are

shown in Fig. 8. The 133Cs APV result is shown in addi-

t ion to constraints from scat tering of polarized protonson

unpolarized proton and 4He targets and emission of cir-

cularly polarized photons from 18F and 19F nuclei. The

area colored red lies at the intersect ion of nuclear ex-

perimental bands. There is some tension with the Cs

anapole moment result , although the Cs result is consis-

tent with “ reasonable ranges” of the DDH parameters.

Haxton and Wieman (2001) point out that addit ional

APV experiments with unpaired-neutron nuclei would

produce a band perpendicular to the Cs band (the 133Cs

anapole moment is primarily due to a valence proton).

This provides st rong mot ivat ion for the ongoing exper-

iments to measure nuclear-spin-dependent APV e↵ects

in nuclei with unpaired neutrons such as 171Yb (Leefer

et al., 2014), 212Fr (Aubin et al., 2013), and 137Ba (De-

Mille et al., 2008a).
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▪ Solving Schroedinger equation with inhomogeneous term

▪ To invert this equation, we apply the Lanczos algorithm

— Bring matrix to tri-diagonal form (v1, v2 … orthonormal, H Hermitian)

— nth iteration computes 2nth moment

— Eigenvalues converge to extreme (largest in magnitude) values

— ~ 150-200 iterations needed for 10 eigenvalues (even for 109 states)
   

Hv1 = a1v1 + b1v2

Hv2 = b1v1 + a2v2 + b2v3

Hv3 =             b2v2 + a3v3 + b3v4

Hv4 =                        b3v3 + a4v4 + b4v5

NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?
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ent from the classical analog, since the magnet ic field is

ent irely confined inside the “ doughnut” . Another impor-

tant observat ion is that the NAM is proport ional to the

area of the toroidal winding, i.e., / (nuclear radius)2 /

A2/ 3, where A is the atomic number, illust rat ing the

t rend in Eq. (38).

Microscopically, the nuclear anapole arises due to

nucleon-nucleon interact ion, mediated by meson ex-

change, where one of the nucleon-meson vertexes is

st rong and another is weak and P-violat ing. Thus,

determinat ion of anapole moments from atomic parity

violat ion provides an important window into hadronic

PNC (Haxton and Wieman, 2001). The innards of

the anapole bubble in Fig. 5(c) are shown in Fig. 7

of the review by Haxton and Wieman (2001). The

nuclear-physics approach is to characterize weak meson-

nucleon couplings in terms of parameters of Desplan-
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1980), who deduced SM est imates of their values. These
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culat ions of NAMs within the DDH parameterizat ion.

The e↵ect ive field theory parameterizat ions of hadronic

PNC, an alternat ive to DDH, arealso discussed (Ramsey-
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framework remains to be carried out . It should be

pointed out that a more recent review (Haxton and Hol-

stein, 2013) omits the Cs result . These authors explain

the omission by the fact that the accuracy of the con-

st raints on the nucleon-nucleon PNC interact ion derived

FIG. 8 (Color online) Const raints on combinat ions of par-
ity violat ing meson couplings (⇥107 ) derived from Cs anapole

moment (yellow band) and nuclear experiments. Bands have
a width of one standard deviat ion. Best value predicted by

the DDH analysis is also shown. This figure combines Cs
NAM band from Haxton and Wieman (2001) with more re-

cent nuclear-physics const raints figure from Haxton and Hol-
stein (2013).

from the NAM experiments is somewhat difficult to as-

sess due to complex nuclear polarizability issues.

The derived bounds (Haxton and Wieman, 2001; Hax-

ton and Holstein, 2013) on PNC meson couplings are

shown in Fig. 8. The 133Cs APV result is shown in addi-

t ion to constraints from scat tering of polarized protonson

unpolarized proton and 4He targets and emission of cir-

cularly polarized photons from 18F and 19F nuclei. The

area colored red lies at the intersect ion of nuclear ex-

perimental bands. There is some tension with the Cs

anapole moment result , although the Cs result is consis-

tent with “ reasonable ranges” of the DDH parameters.

Haxton and Wieman (2001) point out that addit ional

APV experiments with unpaired-neutron nuclei would

produce a band perpendicular to the Cs band (the 133Cs

anapole moment is primarily due to a valence proton).

This provides st rong mot ivat ion for the ongoing exper-

iments to measure nuclear-spin-dependent APV e↵ects

in nuclei with unpaired neutrons such as 171Yb (Leefer

et al., 2014), 212Fr (Aubin et al., 2013), and 137Ba (De-

Mille et al., 2008a).
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▪ Solving Schroedinger equation with inhomogeneous term

▪ To invert this equation, we apply the Lanczos algorithm

— Bring matrix to tri-diagonal form (v1, v2 … orthonormal, H Hermitian)

— nth iteration computes 2nth moment

— Eigenvalues converge to extreme (largest in magnitude) values

— ~ 150-200 iterations needed for 10 eigenvalues (even for 109 states)
   

Hv1 = a1v1 + b1v2

Hv2 = b1v1 + a2v2 + b2v3

Hv3 =             b2v2 + a3v3 + b3v4

Hv4 =                        b3v3 + a4v4 + b4v5
Lanczos continued 

fraction method

NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?

32

FIG. 7 (Color online) The toroidal component of current den-

sity j produces anapole moment a , with magnet ic field B that
is ent irely confined inside the “ doughnut ” . The azimuthal

component of current density generates magnet ic dipole mo-
ment aligned with a , with it s associated convent ional dipolar

magnet ic field not shown.

defining the constant ⌘NA M in Eq. (36). Atomic elect rons

interact with NAM only inside the nucleus, as is appar-

ent from the classical analog, since the magnet ic field is

ent irely confined inside the “ doughnut” . Another impor-

tant observat ion is that the NAM is proport ional to the

area of the toroidal winding, i.e., / (nuclear radius)2 /

A2/ 3, where A is the atomic number, illust rat ing the

t rend in Eq. (38).

Microscopically, the nuclear anapole arises due to

nucleon-nucleon interact ion, mediated by meson ex-

change, where one of the nucleon-meson vertexes is

st rong and another is weak and P-violat ing. Thus,

determinat ion of anapole moments from atomic parity

violat ion provides an important window into hadronic

PNC (Haxton and Wieman, 2001). The innards of

the anapole bubble in Fig. 5(c) are shown in Fig. 7

of the review by Haxton and Wieman (2001). The

nuclear-physics approach is to characterize weak meson-

nucleon couplings in terms of parameters of Desplan-

ques, Donoghueand Holstein (DDH) (Desplanqueset al.,

1980), who deduced SM est imates of their values. These

six hadronic PNC parameters are f ⇡ , h0,1,2
⇢ , h0,1

! , where

the subscript (⇡,⇢, ! ) indicates meson type and the su-

perscript stands for isoscalar (0), isovector (1), or isoten-

sor (2). We refer the reader to Haxton and Wieman

(2001) for a detailed review of nuclear st ructure cal-

culat ions of NAMs within the DDH parameterizat ion.

The e↵ect ive field theory parameterizat ions of hadronic

PNC, an alternat ive to DDH, arealso discussed (Ramsey-

Musolf and Page, 2006), although NAM analysis in this

framework remains to be carried out . It should be

pointed out that a more recent review (Haxton and Hol-

stein, 2013) omits the Cs result . These authors explain

the omission by the fact that the accuracy of the con-

st raints on the nucleon-nucleon PNC interact ion derived

FIG. 8 (Color online) Const raints on combinat ions of par-
ity violat ing meson couplings (⇥107 ) derived from Cs anapole

moment (yellow band) and nuclear experiments. Bands have
a width of one standard deviat ion. Best value predicted by

the DDH analysis is also shown. This figure combines Cs
NAM band from Haxton and Wieman (2001) with more re-

cent nuclear-physics const raints figure from Haxton and Hol-
stein (2013).

from the NAM experiments is somewhat difficult to as-

sess due to complex nuclear polarizability issues.

The derived bounds (Haxton and Wieman, 2001; Hax-

ton and Holstein, 2013) on PNC meson couplings are

shown in Fig. 8. The 133Cs APV result is shown in addi-

t ion to constraints from scat tering of polarized protonson

unpolarized proton and 4He targets and emission of cir-

cularly polarized photons from 18F and 19F nuclei. The

area colored red lies at the intersect ion of nuclear ex-

perimental bands. There is some tension with the Cs

anapole moment result , although the Cs result is consis-

tent with “ reasonable ranges” of the DDH parameters.

Haxton and Wieman (2001) point out that addit ional

APV experiments with unpaired-neutron nuclei would

produce a band perpendicular to the Cs band (the 133Cs

anapole moment is primarily due to a valence proton).

This provides st rong mot ivat ion for the ongoing exper-

iments to measure nuclear-spin-dependent APV e↵ects

in nuclei with unpaired neutrons such as 171Yb (Leefer

et al., 2014), 212Fr (Aubin et al., 2013), and 137Ba (De-

Mille et al., 2008a).



19Parity and time-reversal violating nucleon-nucleon interaction

𝐻𝑃𝑉𝑇𝑉 𝒓 =
1

2𝑚𝑛
𝝈− ⋅ 𝛁 − ҧ𝐺𝜔

0𝑦𝜔 𝑟

+𝝉𝟏 ⋅ 𝝉𝟐 𝝈− ⋅ 𝛁 ҧ𝐺𝜋
0𝑦𝜋 𝑟 − ҧ𝐺𝜌

0𝑦𝜌 𝑟

+
𝜏+
𝑧

2
𝝈− ⋅ 𝛁 ҧ𝐺𝜋

1𝑦𝜋 𝑟 − ҧ𝐺𝜌
1𝑦𝜌 𝑟 − ҧ𝐺𝜔

1𝑦𝜔 𝑟

+
𝜏−
𝑧

2
𝝈+ ⋅ 𝛁 ҧ𝐺𝜋

1𝑦𝜋 𝑟 + ҧ𝐺𝜌
1𝑦𝜌 𝑟 − ҧ𝐺𝜔

1𝑦𝜔 𝑟

+ 3𝜏1
𝑧𝜏2

𝑧 − 𝝉𝟏 ⋅ 𝝉𝟐 𝝈− ⋅ 𝛁 ҧ𝐺𝜋
2𝑦𝜋 𝑟 − ҧ𝐺𝜌

2𝑦𝜌 𝑟

Introduced through Hamiltonian HPVTV :

• Based on one meson exchange model

• 𝑦𝑥 𝑟 = 𝑒−𝑚𝑥𝑟/(4𝜋𝑟)
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2𝑦𝜋 𝑟 − ҧ𝐺𝜌

2𝑦𝜌 𝑟

Introduced through Hamiltonian HPVTV :

• Based on one meson exchange model

• 𝑦𝑥 𝑟 = 𝑒−𝑚𝑥𝑟/(4𝜋𝑟)

• Coupling constants



21Parity and time-reversal violating nucleon-nucleon interaction and nuclear EDM or Schiff moment

HPVTV introduces parity admixture in the ground state (perturbation theory):

Nuclear EDM is dominated by polarization contribution:

0 0 + ෨0

෨0 = ෍

𝑛≠0

1

𝐸0 − 𝐸𝑛
𝑛 𝑛 𝐻𝑃𝑉𝑇𝑉 0

𝐷(𝑝𝑜𝑙) = 0 ෡𝐷𝑧 ෨0 + 𝑐. 𝑐. ෡𝐷𝑧 =
𝑒

2
෍

𝑖=1

𝐴

1 + 𝜏𝑖
𝑧 𝑧𝑖



22Parity and time-reversal violating nucleon-nucleon interaction and nuclear EDM or Schiff moment

HPVTV introduces parity admixture in the ground state (perturbation theory):

Nuclear EDM is dominated by polarization contribution:

0 0 + ෨0

෨0 = ෍

𝑛≠0

1

𝐸0 − 𝐸𝑛
𝑛 𝑛 𝐻𝑃𝑉𝑇𝑉 0

Low lying states of opposite 

parity can lead to enhancement!

𝐷(𝑝𝑜𝑙) = 0 ෡𝐷𝑧 ෨0 + 𝑐. 𝑐. ෡𝐷𝑧 =
𝑒

2
෍

𝑖=1

𝐴

1 + 𝜏𝑖
𝑧 𝑧𝑖



233He EDM Benchmark Calculation

PLB 665:165-172 

(2008)

(NN EFT) 

PRC 

87:015501 

(2013)

PRC 

91:054005 

(2015)

Our calculation

(NN EFT)

ഥ𝑮𝝅
𝟎 0.015 (x 1/2) (x 1/2) 0.0073  (x 1/2)

ഥ𝑮𝝅
𝟏 0.023 (x 1/2) (x 1/2) 0.011  (x 1/2)

ഥ𝑮𝝅
𝟐 0.037 (x 1/5) (x 1/2) 0.019  (x 1/2)

ഥ𝑮𝝆
𝟎 -0.0012 (x 1/2) (x 1/2) -0.00062 (x 1/2)

ഥ𝑮𝝆
𝟏 0.0013 (x 1/2) (x 1/2) 0.00063  (x 1/2)

ഥ𝑮𝝆
𝟐 -0.0028 (x 1/5) (x 1/2) -0.0014 (x 1/2)

ഥ𝑮𝝎
𝟎 0.0009 (x 1/2) (x 1/2) 0.00042  (x 1/2)

ഥ𝑮𝝎
𝟏 -0.0017 (x 1/2) (x 1/2) -0.00086 (x 1/2)

Nmax convergence for 3HeDiscrepancy between calculations?

N3LO NN

Our results confirm those of Yamanaka and Hiyama, PRC 91:054005 (2015)
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NCSM applications to parity-violating moments: 

EDMs of light stable nuclei

Examples of Nmax convergence
Examples of Nmax convergence



25

Nuclear spin-dependent parity-violating effects from NCSM

▪ Contributions from nucleon axial-vector and the anapole moment

1 3 5 7 9 11
N

max

0

0.005

0.01

0.015

0.02

0.025

0.03

k
A

NCSM 
SP model

9
Be

32

FIG. 7 (Color online) The toroidal component of current den-

sity j produces anapole moment a , with magnet ic field B that
is ent irely confined inside the “ doughnut ” . The azimuthal

component of current density generates magnet ic dipole mo-
ment aligned with a , with it s associated convent ional dipolar

magnet ic field not shown.

defining the constant ⌘NA M in Eq. (36). Atomic elect rons

interact with NAM only inside the nucleus, as is appar-

ent from the classical analog, since the magnet ic field is

ent irely confined inside the “ doughnut” . Another impor-

tant observat ion is that the NAM is proport ional to the

area of the toroidal winding, i.e., / (nuclear radius)2 /

A2/ 3, where A is the atomic number, illust rat ing the

t rend in Eq. (38).

Microscopically, the nuclear anapole arises due to

nucleon-nucleon interact ion, mediated by meson ex-

change, where one of the nucleon-meson vertexes is

st rong and another is weak and P-violat ing. Thus,

determinat ion of anapole moments from atomic parity

violat ion provides an important window into hadronic

PNC (Haxton and Wieman, 2001). The innards of

the anapole bubble in Fig. 5(c) are shown in Fig. 7

of the review by Haxton and Wieman (2001). The

nuclear-physics approach is to characterize weak meson-

nucleon couplings in terms of parameters of Desplan-

ques, Donoghueand Holstein (DDH) (Desplanqueset al.,

1980), who deduced SM est imates of their values. These

six hadronic PNC parameters are f ⇡ , h0,1,2
⇢ , h0,1

! , where

the subscript (⇡,⇢, ! ) indicates meson type and the su-

perscript stands for isoscalar (0), isovector (1), or isoten-

sor (2). We refer the reader to Haxton and Wieman

(2001) for a detailed review of nuclear st ructure cal-

culat ions of NAMs within the DDH parameterizat ion.

The e↵ect ive field theory parameterizat ions of hadronic

PNC, an alternat ive to DDH, arealso discussed (Ramsey-

Musolf and Page, 2006), although NAM analysis in this

framework remains to be carried out . It should be

pointed out that a more recent review (Haxton and Hol-

stein, 2013) omits the Cs result . These authors explain

the omission by the fact that the accuracy of the con-

st raints on the nucleon-nucleon PNC interact ion derived

FIG. 8 (Color online) Const raints on combinat ions of par-
ity violat ing meson couplings (⇥107 ) derived from Cs anapole

moment (yellow band) and nuclear experiments. Bands have
a width of one standard deviat ion. Best value predicted by

the DDH analysis is also shown. This figure combines Cs
NAM band from Haxton and Wieman (2001) with more re-

cent nuclear-physics const raints figure from Haxton and Hol-
stein (2013).

from the NAM experiments is somewhat difficult to as-

sess due to complex nuclear polarizability issues.

The derived bounds (Haxton and Wieman, 2001; Hax-

ton and Holstein, 2013) on PNC meson couplings are

shown in Fig. 8. The 133Cs APV result is shown in addi-

t ion to constraints from scat tering of polarized protonson

unpolarized proton and 4He targets and emission of cir-

cularly polarized photons from 18F and 19F nuclei. The

area colored red lies at the intersect ion of nuclear ex-

perimental bands. There is some tension with the Cs

anapole moment result , although the Cs result is consis-

tent with “ reasonable ranges” of the DDH parameters.

Haxton and Wieman (2001) point out that addit ional

APV experiments with unpaired-neutron nuclei would

produce a band perpendicular to the Cs band (the 133Cs

anapole moment is primarily due to a valence proton).

This provides st rong mot ivat ion for the ongoing exper-

iments to measure nuclear-spin-dependent APV e↵ects

in nuclei with unpaired neutrons such as 171Yb (Leefer

et al., 2014), 212Fr (Aubin et al., 2013), and 137Ba (De-

Mille et al., 2008a).
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6He β-decay



27Precise measurements of β decays to search for Physics Beyond the Standard Model 

▪ Precision measurements of β-decay observables offer the possibility to search for deviations from the Standard Model

▪ β-decay observables are sensitive to interference of currents of SM particles and hypothetical BSM physics

▪ Discovering such small deviations from the SM predictions demands also high-precision theoretical calculations 

▪ ⇒ Nuclear structure calculations with quantified uncertainties



286He β-decay

▪ Decay rate proportional to

▪ The V-A structure of the weak interaction in the Standard Model 
implies for a Gamow-Teller transition

angular correlation coefficient between 

the emitted electron and the antineutrino

Fierz interference term that can be extracted

from electron energy spectrum measurements



29Precise measurements of β decays to search for Physics Beyond the Standard Model 

▪ In the presence of Beyond the Standard Model interactions

▪ with tensor and pseudo-tensor contributions

▪ However, deviations also within the Standard Model caused by 

the finite momentum transfer, higher-order transition operators, 

and nuclear structure effects

▪ Detailed, accurate, and precise calculations required



30Precise measurements of β decays to search for Physics Beyond the Standard Model 

▪ Higher-order Standard Model recoil and shape corrections

Gamow-Teller leading order

NLO recoil corrections, order q/mN

momentum transfer

axial charge

vector magnetic or weak magnetism



31Precise measurements of β decays to search for Physics Beyond the Standard Model 

▪ Higher-order Standard Model recoil and shape corrections

Ultimately, we need to calculate 
6He(0+ 1) → 6Li(1+ 0) matrix elements 

of these “one-body” operators  

gV = 1       gA = -1.2756(13)

Hadronic vector, axial vector and pseudo-scalar charges



32Apply ab initio No-Core Shell Model to calculate the 6Li and 6He wave 
functions and the operator matrix elements

NCSM

▪ Matrix elements of the relevant operators 

▪ Convergence investigation 

▪ Variation of HO frequency

▪ h𝝮 = 16 - 24 MeV 

▪ Variation of basis size 

▪ Nmax= 0 - 14 for NNLOopt

▪ Nmax= 0 - 12 for NNLOsat
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▪ We find up to 1% correction for the β spectrum and up to 
2% correction for the angular correlation

▪ Propagating nuclear structure and 𝝌EFT uncertainties 
results in an overall uncertainty of 10-4

▪ Comparable to the precision of current experiments 

Note that new physics at TeV scale implies

Overall results for 6He(0+ 1) → 6Li(1+ 0) + e- + ഥ𝜈

Non-zero Fierz interference term due to nuclear 

structure corrections 
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Super-allowed Fermi transitions -

electroweak radiative correction δNS
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Synergy of precision experiments and ab initio nuclear theory to test CKM unitarity

Structure corrections for the extraction of the Vud matrix element from the 10C→10B Fermi transition

▪ CKM unitarity sensitive probe of BSM physics

▪ Vud element from super-allowed Fermi transitions

▪ 𝛿NS parametrizes correction to free 𝛾W box

▪ Ab initio no-core shell model (NCSM) 

▪ A very good convergence – consistent with what used in latest 
evaluation with a substantially reduced theoretical uncertainties

NCSM applicable also to 14O → 14N and possibly 18Ne → 18F, 22Mg → 22Na

arXiv: 2405.19281

See poster by 

Michael Gennari
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Isospin-symmetry breaking 
correction δC
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The pathway to δC

▪ δC in ab initio NCSM over 20 
years ago
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The pathway to δC

▪ δC in ab initio NCSM now
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The pathway to δC

▪ δC in ab initio NCSM now

Isospin-symmetry breaking interaction admixes 
continuum intruder states in the ground state 

▪ Poorly described in the HO expansion

▪ Need to include continuum effects explicitly

→ No-Core Shell Model with Continuum



40Ab Initio Calculations of Structure, Scattering, Reactions 
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

A-a( )
a( )

r
Y(A) = cl

l

å , l + dr gv (r )ò Ân

n

å ,n
(A)

S. Baroni, P. Navratil, and S. Quaglioni, 

PRL 110, 022505 (2013); PRC 87, 034326 (2013).



41Ab Initio Calculations of Structure, Scattering, Reactions 
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

A-a( )
a( )

r
Y(A) = cl

l

å , l + dr gv (r )ò Ân

n

å ,n
(A)

1max += NN

Static solutions for aggregate system,

describe all nucleons close together

S. Baroni, P. Navratil, and S. Quaglioni, 

PRL 110, 022505 (2013); PRC 87, 034326 (2013).



42Ab Initio Calculations of Structure, Scattering, Reactions 
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

A-a( )
a( )

r
Y(A) = cl

l

å , l + dr gv (r )ò Ân

n

å ,n
(A)

1max += NN

Static solutions for aggregate system,

describe all nucleons close together

Continuous microscopic cluster states,

describe long-range projectile-target

S. Baroni, P. Navratil, and S. Quaglioni, 

PRL 110, 022505 (2013); PRC 87, 034326 (2013).



43Ab Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

A-a( )
a( )

r

S. Baroni, P. Navratil, and S. Quaglioni, 

PRL 110, 022505 (2013); PRC 87, 034326 (2013).

Y(A) = cl

l

å , l + dr gv (r )ò Ân

n

å ,n
(A)

1max += NN

Static solutions for aggregate system,

describe all nucleons close together

Continuous microscopic cluster states,

describe long-range projectile-target

Unknowns
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δC in NCSMC

▪ Compute Fermi matrix element in NCSMC 

▪ Total isospin operator 𝑇+ = 𝑇+
1
+ 𝑇+

2
for partitioned system

NCSM matrix element

NCSM-Cluster matrix elements
Continuum (cluster) matrix element
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10C structure from chiral EFT NN(N4LO)+3N(N2LO,lnl) interaction (𝑁𝑚𝑎𝑥 = 9)

▪ Treat as mass partition of proton plus 9B

▪ Use 3/2− and 5/2− states of 9B

▪ Known bound states captured by NCSMC

State ENCSM (MeV) E (MeV) Eexp (MeV)

0+ −3.09 −3.46 −4.006

2+ +0.40 −0.03 −0.652
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𝜋 = +1

Eigenphase shifts

10C structure from chiral EFT NN(N4LO)+3N(N2LO,lnl) interaction (𝑁𝑚𝑎𝑥 = 9)
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▪ Use 3/2− and 5/2− states of 9B and 9Be

▪ Eight of twelve bound states predicted

State E (MeV) Eexp (MeV)

3+ −5.75 −6.5859

1+ −5.33 −5.8676

0+ −4.30 −4.8458

1+ −4.26 −4.4316

2+ −2.69 −2.9988

2+ −0.93 −1.4220

2+ −0.70 −0.6664

4+ −0.19 −0.5609
δC calculations ongoing …

10B structure from chiral EFT NN(N4LO)+3N(N2LO,lnl) interaction (𝑁𝑚𝑎𝑥 = 9)
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7Li(p,e+e-)8Be internal pair creation 

and the X17 anomaly



49X17 Anomaly

Can ab initio nuclear theory help interpret the anomaly?

Fig. from PLB 813, 136061 (2021)

Angle between e- and e+

Phys. Rev. Lett. 116, 042501 (2016) – 7Li+p -> 8Be

Phys. Rev. C 104, 044003 (2021)     – 3H+p -> 4He

Phys. Rev. C 106, L061601 (2022)   – 11B+p ->12C 



50NCSMC calculations of 8Be structure and 7Li+p scattering and capture

▪ Wave function ansatz

▪ 3/2-, 1/2-, 7/2-, 5/2-, 5/2- 7Li and 7Be states in cluster basis

▪ 15 positive and 15 negative parity states in 8Be composite 
state basis



51NCSMC calculations of 8Be structure and 7Li+p scattering and capture

▪ Wave function ansatz

▪ 3/2-, 1/2-, 7/2-, 5/2-, 5/2- 7Li and 7Be states in cluster basis

▪ 15 positive and 15 negative parity states in 8Be composite 
state basis



528Be structure – calculated positive-parity eigenphase shifts
Eigenphase shift results, positive parity (Nmax = 8/ 9)

9 / 12

"

p + 7Li threshold

Additional resonances are seen

compared to TUNL data

Fig. from PLB 813, 136061 (2021)



53

0 0.2 0.4 0.6 0.8 1 1.2
E

kin 
[MeV]

-30

0

30

60

90

120

150

180

d
 [

d
eg

]

1
+

1
+

5
P

1

3
P

1

Ab initio calculations of 7Li(p,𝛾)8Be radiative capture, 7Li(p,e+e-)8Be pair production & X17 boson 

Dominated by

T=1 Dominated by

T=0

▪ Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020)) 

▪ No-core shell model with continuum (NCSMC) with wave function ansatz

Data: Zahnow et al.

Z.Phys.A 351 229-236 (1995) 

8Be Capture

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E [MeV]

100

101

102

S
[k

eV
b
]

S-factor (7Li3/ 2− (p, γ)8Be)

NCSMC: γ0

NCSMC: γ0 + γ1

Data: γ0

Data: γ0 + γ1

0 0.2 0.4 0.6 0.8 1 1.2
E

kin 
[MeV]

-30

0

30

60

90

120

150

180

d
 [

d
eg

]

7
Li+p phase shifts

1
+

1
+

5
P

1

3
P

1

10 / 12

γ0 : decay to ground state (0+ )

γ1 : decay to first excited (2+ )

Phenomenological adjustment: manually shift

thresholds and resonances to match experiment
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Ab initio calculations of 7Li(p,𝛾)8Be radiative capture, 7Li(p,e+e-)8Be pair production & X17 boson 

Calculating properly the pair production cross section

with the interference of different multipoles improves description.

Still not a perfect agreement with ATOMKI data

Internal electron-positron pair conversion correlation

Angle between e- and e+

M1 E1
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Ab initio calculations of 7Li(p,𝛾)8Be radiative capture, 7Li(p,e+e-)8Be pair production & X17 boson 

N. J. Sas et al., “Observation of the X17 anomaly in the 7Li(p,e+ e− )8Be direct proton-capture reaction,” arXiv:2205.07744 

New ATOMKI measurements in-between & at resonance energies

Angle between e- and e+

NCSMC calculations match well resonance data.

Disagree in-between resonances – flat E1 distribution.

Proton slow-down in the thick target?
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Ab initio calculations of 7Li(p,𝛾)8Be radiative capture, 7Li(p,e+e-)8Be pair production & X17 boson 

Gamma capture data: Zahnow et al.

Z.Phys.A 351 229-236 (1995) 

Using gX estimates 

from Backens et al. 

arXiv:2110.06055

Integrated cross sections

Modeling hypothetical X17 boson
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Conclusions & topics for 

discussion



58Conclusions & topics for discussion

▪ Ab initio nuclear theory 

▪ Makes connections between the low-energy QCD and many-nucleon systems

▪ No-core shell model is an ab initio extension of the original nuclear shell model

▪ Applicable to nuclear structure, reactions including those relevant for astrophysics, electroweak 

processes, tests of fundamental symmetries

▪ Open questions

▪ How to accurately and precisely evaluate the isospin-symmetry breaking correction δC?

▪ How to evaluate the radiative nuclear structure correction δNS beyond light nuclei?

▪ What is the importance of sub-leading chiral 3N contributions for electro-weak processes in nuclei?

▪ What is the particle physics interpretation of the X17 anomaly?
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16N β-decay



62Unique first-forbidden beta decay 16N(2-) → 16O(0+)

▪ The unique first-forbidden transition, JΔπ =2−, is of 
great interest for BSM searches 

▪ Energy spectrum of emitted electrons sensitive to 
the symmetries of the weak interaction, gives 
constraints both in the case of right and left 
couplings of the new beyond standard model 
currents 

▪ Ayala Glick-Magid et al., PLB 767 (2017) 285 

▪ Ongoing experiment at SARAF, Israel



6316N(2-) Gamow-Teller transitions to the negative parity excited states of 16O

▪ Tests of NCSM wave functions

▪ B(GT)s overestimated – operator SRG, 2BC need to be included, continuum

▪ Correct hierarchy of transitions

Preliminary



64Unique first-forbidden beta decay 16N(2-) → 16O(0+)

▪ Preliminary results for electron energy spectrum and angular correlations

PreliminaryPreliminary
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Ab initio calculations of muon capture 

on light nuclei
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Muon capture on 𝟔𝐋𝐢, 𝟏𝟐𝐂, 𝟏𝟔𝐍 from ab initio nuclear theory
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Ordinary muon capture on a nucleus

❑ Momentum exchange 𝑞 = 𝑚𝜇 + 𝐸𝑖 −

𝐸𝑓 ≈ 100 MeV

❑ Involves vector, axial-vector, 

magnetic and pseudoscalar nuclear-

weak currents

→ Can be used as a probe of 

𝟎𝝂𝜷𝜷 decay

❑ Ab initio no-core shell-model calculations in good 

agreement with experiments See talk by Lotta Jokiniemi on Saturday


