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Major RIB Facilities Worldwide
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Next-generation Rare Isotope Beam facilities → unprecedented era of nuclear science

Thousands of new isotopes produced… Q: How does our field capitalize on this opportunity?

~$1B FRIB
>$5B worldwide investment

Proj. frag.
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Next-generation rare isotope beam facilities → unprecedented era of nuclear science

Thousands of new isotopes produced… A: Meaningful interaction with theory (of course!)

What is the exciting physics? Connect to fundamental properties of nature?

~$1B FRIB
>$5B worldwide investment

Proj. frag.

Role of theory
Motivation: robust predictions (with uncertainties) where no data exists
Interpretation: model independent, connect to underlying forces of nature

Next-generation facilities require next-generation theory!
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Major Underground Facilities Worldwide

2nd Reading

March 21, 2017 16:19 WSPC/S0218-2718 142-IJMPD 1730012

K. Freese

be approximated by
dR

dE
(E, t) ≈ S0(E) + Sm(E) cos ω(t − t0), (13)

with |Sm| ≪ S0, where S0 is the time-averaged rate, Sm is referred to as the
modulation amplitude, ω = 2π/year and t0 is the phase of the modulation. Since
typical backgrounds do not experience the same annual modulation, this effect can
be used to tease the signal out of the background.52

These first papers convinced experimentalists that they would be able to build
detectors sensitive enough to search for WIMPs. The detectors must be placed deep
underground in order to filter out cosmic rays, in underground mines or underneath
mountains. The first experimental effort to search for and bound WIMP dark matter
was Ref. 65. Now, 30 years later, direct detection searches are ongoing worldwide,
in US, Canada, Europe, Asia, and the South Pole, see Fig. 7.

Of all of these experiments, only one, the Italian DAMA experiment,66 has
positive signal. They use NaI crystals in the Gran Sasso tunnel under the Apennine
Mountains near Rome. The signal they have is the annual modulation we predicted
for the WIMP signal.51,52 DAMA has observed exactly this annual modulation with
the correct phase, see Fig. 8. Indeed DAMA has 10 years of cycles corresponding
to a 9σ detection of modulation.

Fig. 7. Underground dark matter laboratories worldwide (courtesy of M. Tripathi and
M. Woods). The CanFranc underground laboratory in Spain is missing from the figure.
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SJM Peeters, UK Input to the European Particle Physics Strategy Update, Durham, 2018.04.14

Global perspectiveWorldwide searches for BSM physics involving neutrinos and dark matter

0νββ Decay Dark Matter Direct Detection

Billions invested worldwide
Theory essential for: strategic planning for discovery (motivation) + interpretation
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Exclusion plots for 0νββ decay + WIMP/ν scattering require nuclear theory

Nuclear Theory for BSM Searches
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Exclusion plots for 0νββ decay + WIMP/ν scattering require nuclear theory

Nuclear matrix element: rate of decay Structure functions for WIMP/ν scattering

Nuclear Theory for BSM Searches
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Status of 0νββ-Decay Matrix Elements
All calculations to date from extrapolated phenomenological models; large spread in results

All models missing essential physics: correlations, single-particle levels, two-body currents
Impossible to assign rigorous uncertainties… but, hey, could be worse
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

Second, the uncertainty affects the choice of material to be 
used in νββ0  decay searches, a choice that is a compromise 
between experimental advantages and the matrix element 
value. Figure  5 (top) shows nuclear matrix elements calcu-
lated in different approaches, and because of the spread of the 
results (roughly the factor of three above) we can conclude 
only that the matrix element of 48Ca is smaller than those 
of the other νββ0  decay candidates. And the differences in 
the expected rate, a product of the nuclear matrix elements 
and phase-space factors, are even more similar (see figure 5 

bottom, and equation  (9)) [112]. Better calculations would 
make it easier to select an optimal isotope.

Finally, and perhaps most obviously, we need matrix ele-
ments to obtain information about the absolute neutrino 
masses once a νββ0  decay lifetime is known. Reducing the 
uncertainty in the matrix element calculations will be crucial 
if we wish to fully exploit an eventual measurement of the 
decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  figure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now finally in a posi-
tion to undertake them.

3. Nuclear matrix elements at present

As we have noted, calculated matrix elements at present carry 
large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

Some of these methods can be used to compute single-β 
and νββ2  decay lifetimes. It is disconcerting to find that pre-
dicted lifetimes for these processes are almost always shorter 
than measured lifetimes, i.e. computed single Gamow–Teller 
and νββ2  matrix elements are too large [121–123]. The prob-
lems are usually ‘cured’ by reducing the strength of the spin-
isospin Gamow–Teller operator στ, which is equivalent to 
using an effective value of the axial coupling constant that 
multiplies this operator in place of its ‘bare’ value of !g 1.27A . 
This phenomenological modification is sometimes referred to 
as the ‘quenching’ or ‘renormalization’ of gA. In section 4 we 
review possible sources of the renormalization, none of which 
has yet been shown to fully explain the effect, and their conse-
quences for νββ0  matrix elements.

3.1. Shell model

The nuclear shell model is a well-established many-body 
method, routinely used to describe the properties of medium-
mass and heavy nuclei [121, 124, 125], including candidates 
for ββ-decay experiments. The model, also called the ‘con-
figuration interaction method’ (particularly in quantum chem-
istry [126, 127]), is based on the idea that the nucleons near 
the Fermi level are the most important for low-energy nuclear 
properties, and that all the correlations between these nucleons 
are relevant. Thus, instead of solving the Schrödinger equa-
tion for the full nuclear interaction in the complete many-body 

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .

Rep. Prog. Phys. 80 (2017) 046301

Engel, Menendez (2016)
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

Second, the uncertainty affects the choice of material to be 
used in νββ0  decay searches, a choice that is a compromise 
between experimental advantages and the matrix element 
value. Figure  5 (top) shows nuclear matrix elements calcu-
lated in different approaches, and because of the spread of the 
results (roughly the factor of three above) we can conclude 
only that the matrix element of 48Ca is smaller than those 
of the other νββ0  decay candidates. And the differences in 
the expected rate, a product of the nuclear matrix elements 
and phase-space factors, are even more similar (see figure 5 

bottom, and equation  (9)) [112]. Better calculations would 
make it easier to select an optimal isotope.

Finally, and perhaps most obviously, we need matrix ele-
ments to obtain information about the absolute neutrino 
masses once a νββ0  decay lifetime is known. Reducing the 
uncertainty in the matrix element calculations will be crucial 
if we wish to fully exploit an eventual measurement of the 
decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  figure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now finally in a posi-
tion to undertake them.

3. Nuclear matrix elements at present

As we have noted, calculated matrix elements at present carry 
large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

Some of these methods can be used to compute single-β 
and νββ2  decay lifetimes. It is disconcerting to find that pre-
dicted lifetimes for these processes are almost always shorter 
than measured lifetimes, i.e. computed single Gamow–Teller 
and νββ2  matrix elements are too large [121–123]. The prob-
lems are usually ‘cured’ by reducing the strength of the spin-
isospin Gamow–Teller operator στ, which is equivalent to 
using an effective value of the axial coupling constant that 
multiplies this operator in place of its ‘bare’ value of !g 1.27A . 
This phenomenological modification is sometimes referred to 
as the ‘quenching’ or ‘renormalization’ of gA. In section 4 we 
review possible sources of the renormalization, none of which 
has yet been shown to fully explain the effect, and their conse-
quences for νββ0  matrix elements.

3.1. Shell model

The nuclear shell model is a well-established many-body 
method, routinely used to describe the properties of medium-
mass and heavy nuclei [121, 124, 125], including candidates 
for ββ-decay experiments. The model, also called the ‘con-
figuration interaction method’ (particularly in quantum chem-
istry [126, 127]), is based on the idea that the nucleons near 
the Fermi level are the most important for low-energy nuclear 
properties, and that all the correlations between these nucleons 
are relevant. Thus, instead of solving the Schrödinger equa-
tion for the full nuclear interaction in the complete many-body 

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .

Rep. Prog. Phys. 80 (2017) 046301

🤷
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Status of 0νββ-Decay Matrix Elements
All calculations to date from extrapolated phenomenological models; large spread in results

Order of magnitude spread →
Order of magnitude more time/material
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

Second, the uncertainty affects the choice of material to be 
used in νββ0  decay searches, a choice that is a compromise 
between experimental advantages and the matrix element 
value. Figure  5 (top) shows nuclear matrix elements calcu-
lated in different approaches, and because of the spread of the 
results (roughly the factor of three above) we can conclude 
only that the matrix element of 48Ca is smaller than those 
of the other νββ0  decay candidates. And the differences in 
the expected rate, a product of the nuclear matrix elements 
and phase-space factors, are even more similar (see figure 5 

bottom, and equation  (9)) [112]. Better calculations would 
make it easier to select an optimal isotope.

Finally, and perhaps most obviously, we need matrix ele-
ments to obtain information about the absolute neutrino 
masses once a νββ0  decay lifetime is known. Reducing the 
uncertainty in the matrix element calculations will be crucial 
if we wish to fully exploit an eventual measurement of the 
decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  figure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now finally in a posi-
tion to undertake them.

3. Nuclear matrix elements at present

As we have noted, calculated matrix elements at present carry 
large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

Some of these methods can be used to compute single-β 
and νββ2  decay lifetimes. It is disconcerting to find that pre-
dicted lifetimes for these processes are almost always shorter 
than measured lifetimes, i.e. computed single Gamow–Teller 
and νββ2  matrix elements are too large [121–123]. The prob-
lems are usually ‘cured’ by reducing the strength of the spin-
isospin Gamow–Teller operator στ, which is equivalent to 
using an effective value of the axial coupling constant that 
multiplies this operator in place of its ‘bare’ value of !g 1.27A . 
This phenomenological modification is sometimes referred to 
as the ‘quenching’ or ‘renormalization’ of gA. In section 4 we 
review possible sources of the renormalization, none of which 
has yet been shown to fully explain the effect, and their conse-
quences for νββ0  matrix elements.

3.1. Shell model

The nuclear shell model is a well-established many-body 
method, routinely used to describe the properties of medium-
mass and heavy nuclei [121, 124, 125], including candidates 
for ββ-decay experiments. The model, also called the ‘con-
figuration interaction method’ (particularly in quantum chem-
istry [126, 127]), is based on the idea that the nucleons near 
the Fermi level are the most important for low-energy nuclear 
properties, and that all the correlations between these nucleons 
are relevant. Thus, instead of solving the Schrödinger equa-
tion for the full nuclear interaction in the complete many-body 

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .

Rep. Prog. Phys. 80 (2017) 046301

Engel, Menendez (2016)
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

Second, the uncertainty affects the choice of material to be 
used in νββ0  decay searches, a choice that is a compromise 
between experimental advantages and the matrix element 
value. Figure  5 (top) shows nuclear matrix elements calcu-
lated in different approaches, and because of the spread of the 
results (roughly the factor of three above) we can conclude 
only that the matrix element of 48Ca is smaller than those 
of the other νββ0  decay candidates. And the differences in 
the expected rate, a product of the nuclear matrix elements 
and phase-space factors, are even more similar (see figure 5 

bottom, and equation  (9)) [112]. Better calculations would 
make it easier to select an optimal isotope.

Finally, and perhaps most obviously, we need matrix ele-
ments to obtain information about the absolute neutrino 
masses once a νββ0  decay lifetime is known. Reducing the 
uncertainty in the matrix element calculations will be crucial 
if we wish to fully exploit an eventual measurement of the 
decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  figure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now finally in a posi-
tion to undertake them.

3. Nuclear matrix elements at present

As we have noted, calculated matrix elements at present carry 
large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

Some of these methods can be used to compute single-β 
and νββ2  decay lifetimes. It is disconcerting to find that pre-
dicted lifetimes for these processes are almost always shorter 
than measured lifetimes, i.e. computed single Gamow–Teller 
and νββ2  matrix elements are too large [121–123]. The prob-
lems are usually ‘cured’ by reducing the strength of the spin-
isospin Gamow–Teller operator στ, which is equivalent to 
using an effective value of the axial coupling constant that 
multiplies this operator in place of its ‘bare’ value of !g 1.27A . 
This phenomenological modification is sometimes referred to 
as the ‘quenching’ or ‘renormalization’ of gA. In section 4 we 
review possible sources of the renormalization, none of which 
has yet been shown to fully explain the effect, and their conse-
quences for νββ0  matrix elements.

3.1. Shell model

The nuclear shell model is a well-established many-body 
method, routinely used to describe the properties of medium-
mass and heavy nuclei [121, 124, 125], including candidates 
for ββ-decay experiments. The model, also called the ‘con-
figuration interaction method’ (particularly in quantum chem-
istry [126, 127]), is based on the idea that the nucleons near 
the Fermi level are the most important for low-energy nuclear 
properties, and that all the correlations between these nucleons 
are relevant. Thus, instead of solving the Schrödinger equa-
tion for the full nuclear interaction in the complete many-body 

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .

Rep. Prog. Phys. 80 (2017) 046301

Engel, Menendez (2016)
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New approach to NME calculations: ab initio theory consistent results when extrapolated

Consistency between methods
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

Second, the uncertainty affects the choice of material to be 
used in νββ0  decay searches, a choice that is a compromise 
between experimental advantages and the matrix element 
value. Figure  5 (top) shows nuclear matrix elements calcu-
lated in different approaches, and because of the spread of the 
results (roughly the factor of three above) we can conclude 
only that the matrix element of 48Ca is smaller than those 
of the other νββ0  decay candidates. And the differences in 
the expected rate, a product of the nuclear matrix elements 
and phase-space factors, are even more similar (see figure 5 

bottom, and equation  (9)) [112]. Better calculations would 
make it easier to select an optimal isotope.

Finally, and perhaps most obviously, we need matrix ele-
ments to obtain information about the absolute neutrino 
masses once a νββ0  decay lifetime is known. Reducing the 
uncertainty in the matrix element calculations will be crucial 
if we wish to fully exploit an eventual measurement of the 
decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  figure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now finally in a posi-
tion to undertake them.

3. Nuclear matrix elements at present

As we have noted, calculated matrix elements at present carry 
large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

Some of these methods can be used to compute single-β 
and νββ2  decay lifetimes. It is disconcerting to find that pre-
dicted lifetimes for these processes are almost always shorter 
than measured lifetimes, i.e. computed single Gamow–Teller 
and νββ2  matrix elements are too large [121–123]. The prob-
lems are usually ‘cured’ by reducing the strength of the spin-
isospin Gamow–Teller operator στ, which is equivalent to 
using an effective value of the axial coupling constant that 
multiplies this operator in place of its ‘bare’ value of !g 1.27A . 
This phenomenological modification is sometimes referred to 
as the ‘quenching’ or ‘renormalization’ of gA. In section 4 we 
review possible sources of the renormalization, none of which 
has yet been shown to fully explain the effect, and their conse-
quences for νββ0  matrix elements.

3.1. Shell model

The nuclear shell model is a well-established many-body 
method, routinely used to describe the properties of medium-
mass and heavy nuclei [121, 124, 125], including candidates 
for ββ-decay experiments. The model, also called the ‘con-
figuration interaction method’ (particularly in quantum chem-
istry [126, 127]), is based on the idea that the nucleons near 
the Fermi level are the most important for low-energy nuclear 
properties, and that all the correlations between these nucleons 
are relevant. Thus, instead of solving the Schrödinger equa-
tion for the full nuclear interaction in the complete many-body 

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .
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matrix element. An uncertainty of a factor of three in the 
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decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  figure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now finally in a posi-
tion to undertake them.

3. Nuclear matrix elements at present

As we have noted, calculated matrix elements at present carry 
large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

Some of these methods can be used to compute single-β 
and νββ2  decay lifetimes. It is disconcerting to find that pre-
dicted lifetimes for these processes are almost always shorter 
than measured lifetimes, i.e. computed single Gamow–Teller 
and νββ2  matrix elements are too large [121–123]. The prob-
lems are usually ‘cured’ by reducing the strength of the spin-
isospin Gamow–Teller operator στ, which is equivalent to 
using an effective value of the axial coupling constant that 
multiplies this operator in place of its ‘bare’ value of !g 1.27A . 
This phenomenological modification is sometimes referred to 
as the ‘quenching’ or ‘renormalization’ of gA. In section 4 we 
review possible sources of the renormalization, none of which 
has yet been shown to fully explain the effect, and their conse-
quences for νββ0  matrix elements.

3.1. Shell model

The nuclear shell model is a well-established many-body 
method, routinely used to describe the properties of medium-
mass and heavy nuclei [121, 124, 125], including candidates 
for ββ-decay experiments. The model, also called the ‘con-
figuration interaction method’ (particularly in quantum chem-
istry [126, 127]), is based on the idea that the nucleons near 
the Fermi level are the most important for low-energy nuclear 
properties, and that all the correlations between these nucleons 
are relevant. Thus, instead of solving the Schrödinger equa-
tion for the full nuclear interaction in the complete many-body 

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .
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34 non-implausible

H n = En n

Ab Initio Approach to Nuclear Forces

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) 
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✅ Single-particle basis

✅ Storage limits of 3N forces 

🤷 Many-body operators: e.g., CCSD(T), IMSRG(2)
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e1 + e2 + e3  E3max  3 ⇤ emax
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What can we do with this advance?
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FIG. 1. Experimental E(2+1 ) systematics of even-even nuclear landscape. Shown are known E(2+1 ) of even-even
isotopes32 and the value for 78Ni obtained in the present study. Traditional magic numbers are indicated by dashed lines and
doubly magic nuclei are labelled. Also 68Ni, for which the number of neutrons N = 40 matches the harmonic oscillator shell
closure, is marked. The predicted two-neutron drip line and its uncertainties3 are shown in blue.

on nuclear structure inputs.
An initial characterisation is often provided by the first

J⇡ = 2+ excitation energy, E(2+1 ), as illustrated in Fig. 1
for the Segrè chart, a two-dimensional grid in which nu-
clei are arranged by their proton (Z) and neutron (N)
numbers. Magic nucleon numbers, which were first cor-
rectly reproduced theoretically for stable isotopes by in-
troducing a strong spin-orbit interaction4,5, stand out,
as excitation from the ground state requires promoting
nucleons across major nuclear shells, and therefore more
energy due to large energy gaps involved.

With the extension of studies to unstable, radioactive
isotopes with a large neutron excess – also termed ‘ex-
otic’ nuclei –, magic numbers emerged as a local feature.
In lieu, nuclear shell structure changes, sometimes drasti-
cally, with the number of protons and neutrons, revealing
interesting properties of the underlying nuclear forces.
For instance, it was recognised that several traditional
neutron magic numbers disappear far from stability, such
as N = 8, 20, 286–9, while new ones have been claimed at
N = 1610 and N = 32, 341,2,11.

Shifts of these magic numbers challenge nuclear theory,
and certain cases can be explained by empirical drifts
of the single-particle orbits (SPO) with varying nucleon
number, e.g. ref.12. The central potential of the nucleon-
nucleon (NN) e↵ective interaction and the tensor force
contribute strongly to this evolution13,14. Also three-
nucleon (3N) forces, which originate from the composite
nature of nucleons, have a significant impact15,16. So far,
a coherent picture of the nuclear shell structure and its
evolution towards the most neutron-rich nuclei remains
to be built.

The isotope 78Ni (28 protons and 50 neutrons) provides
a unique case included in all motivations for planned
and constructed next-generation radioactive ion beam
in-flight facilities, such as the RIBF in Japan, FRIB in
the USA, and FAIR in Germany. Predictions of even-

even nuclei regarding the neutron drip line location3, for
which the two-neutron separation energy becomes nega-
tive (also shown in Fig. 1), reveal that, prior the mea-
surement reported here, 78Ni was the only neutron-rich
doubly magic nucleus lacking spectroscopic information
on excited states that can be reached with current and
next-generation facilities.

Coulomb excitation and mass measurements of
neutron-rich zinc (Z = 30) isotopes17,18, spectroscopy
of nickel isotopes up to 76Ni19, and � decay lifetime mea-
surements of 78,79,80Ni20,21 are all consistent with a per-
sistent N = 50 shell closure. Conversely, experimen-
tal studies of 66Cr and 70,72Fe revealed constantly low
E(2+1 ) and E(4+1 ) that question the N = 50 shell closure
for atomic (proton) numbers Z = 24, 2622. This sce-
nario is supported by large-scale shell-model calculations
that predict deformed ground states below Z = 2823,
and therefore a breakdown of the N = 50 shell closure,
raising the possibility of similar low-lying intruder states
in 78Ni. Likewise, spectroscopic studies of odd-even cop-
per isotopes have shown a lowering of the proton (⇡)
SPO ⇡0f5/2 relative to the ⇡1p3/2 SPO when the neu-
tron (⌫) ⌫0g9/2 SPO is filled24, resulting in their inversion
for 75Cu confirmed with collinear laser spectroscopy25.
These findings were interpreted as a reduction of the
Z = 28 proton shell gap between the ⇡0f7/2 and ⇡0f5/2
SPO due to the strong ⇡ � ⌫ tensor force14,26, although
the recent spectroscopy of 79Cu and its mass measure-
ment appear consistent with a doubly magic structure
of 78Ni27,30,31. Hitherto, no ultimate conclusion on the
magic character of 78Ni existed. Here, we provide first di-
rect evidence from in-beam �-ray spectroscopy in prompt
coincidence with one- and two-proton removal ((p, 2p)
and (p, 3p)) reactions of fast moving radioactive 79Cu and
80Zn beams.

272829
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on nuclear structure inputs.
An initial characterisation is often provided by the first

J⇡ = 2+ excitation energy, E(2+1 ), as illustrated in Fig. 1
for the Segrè chart, a two-dimensional grid in which nu-
clei are arranged by their proton (Z) and neutron (N)
numbers. Magic nucleon numbers, which were first cor-
rectly reproduced theoretically for stable isotopes by in-
troducing a strong spin-orbit interaction4,5, stand out,
as excitation from the ground state requires promoting
nucleons across major nuclear shells, and therefore more
energy due to large energy gaps involved.

With the extension of studies to unstable, radioactive
isotopes with a large neutron excess – also termed ‘ex-
otic’ nuclei –, magic numbers emerged as a local feature.
In lieu, nuclear shell structure changes, sometimes drasti-
cally, with the number of protons and neutrons, revealing
interesting properties of the underlying nuclear forces.
For instance, it was recognised that several traditional
neutron magic numbers disappear far from stability, such
as N = 8, 20, 286–9, while new ones have been claimed at
N = 1610 and N = 32, 341,2,11.

Shifts of these magic numbers challenge nuclear theory,
and certain cases can be explained by empirical drifts
of the single-particle orbits (SPO) with varying nucleon
number, e.g. ref.12. The central potential of the nucleon-
nucleon (NN) e↵ective interaction and the tensor force
contribute strongly to this evolution13,14. Also three-
nucleon (3N) forces, which originate from the composite
nature of nucleons, have a significant impact15,16. So far,
a coherent picture of the nuclear shell structure and its
evolution towards the most neutron-rich nuclei remains
to be built.

The isotope 78Ni (28 protons and 50 neutrons) provides
a unique case included in all motivations for planned
and constructed next-generation radioactive ion beam
in-flight facilities, such as the RIBF in Japan, FRIB in
the USA, and FAIR in Germany. Predictions of even-

even nuclei regarding the neutron drip line location3, for
which the two-neutron separation energy becomes nega-
tive (also shown in Fig. 1), reveal that, prior the mea-
surement reported here, 78Ni was the only neutron-rich
doubly magic nucleus lacking spectroscopic information
on excited states that can be reached with current and
next-generation facilities.

Coulomb excitation and mass measurements of
neutron-rich zinc (Z = 30) isotopes17,18, spectroscopy
of nickel isotopes up to 76Ni19, and � decay lifetime mea-
surements of 78,79,80Ni20,21 are all consistent with a per-
sistent N = 50 shell closure. Conversely, experimen-
tal studies of 66Cr and 70,72Fe revealed constantly low
E(2+1 ) and E(4+1 ) that question the N = 50 shell closure
for atomic (proton) numbers Z = 24, 2622. This sce-
nario is supported by large-scale shell-model calculations
that predict deformed ground states below Z = 2823,
and therefore a breakdown of the N = 50 shell closure,
raising the possibility of similar low-lying intruder states
in 78Ni. Likewise, spectroscopic studies of odd-even cop-
per isotopes have shown a lowering of the proton (⇡)
SPO ⇡0f5/2 relative to the ⇡1p3/2 SPO when the neu-
tron (⌫) ⌫0g9/2 SPO is filled24, resulting in their inversion
for 75Cu confirmed with collinear laser spectroscopy25.
These findings were interpreted as a reduction of the
Z = 28 proton shell gap between the ⇡0f7/2 and ⇡0f5/2
SPO due to the strong ⇡ � ⌫ tensor force14,26, although
the recent spectroscopy of 79Cu and its mass measure-
ment appear consistent with a doubly magic structure
of 78Ni27,30,31. Hitherto, no ultimate conclusion on the
magic character of 78Ni existed. Here, we provide first di-
rect evidence from in-beam �-ray spectroscopy in prompt
coincidence with one- and two-proton removal ((p, 2p)
and (p, 3p)) reactions of fast moving radioactive 79Cu and
80Zn beams.
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Limits of Existence in Medium-Mass Region
Ab initio calculations of ~700 nuclei from He to Fe
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Not biased towards existing data

Known drip lines predicted within uncertainties 
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Ab Initio Progress: How Heavy Can We Go?

Key Limitation

3NF matrix element storage
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e1 + e2 + e3  E3max = 18

Tremendous progress in ab initio reach, largely due to valence-space IMSRG

Calculate essentially all properties all of nuclei… up to N, Z ~ 50
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Converged Calculations
of Heavy Nuclei

*KEY ADVANCE*

Takayuki Miyagi
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Limited by typical memory/node: 

No convergence in 208Pb (heaviest doubly magic nucleus)

Ab Initio Calculations of Heavy Nuclei
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e1 + e2 + e3  E3max = 18

8

Previous limit

Exp: -1636.43 MeV

~ 40 MeV

Estimated from previous limit

The correlation energy differs by ~10%, larger than many-body calculation error (a few %)

 Ab initio calculation of 208Pb

[IMSRG: -1669.59 MeV]

208Pb

🤷
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Ab Initio Calculations of Heavy Nuclei
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8

Previous limit

Exp: -1636.43 MeV

~ 40 MeV

Estimated from previous limit

The correlation energy differs by ~10%, larger than many-body calculation error (a few %)

 Ab initio calculation of 208Pb

[IMSRG: -1669.59 MeV]

208Pb

Limited by typical memory/node: 

Clever storage reduces needs: TB → GB

208Pb now straightforward:
Solving the Schrodinger equation for 200+ nucleons!
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Ab Initio Calculations of Heavy Nuclei
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e1 + e2 + e3  E3max = 18

8

Previous limit

Exp: -1636.43 MeV

~ 40 MeV

Estimated from previous limit

The correlation energy differs by ~10%, larger than many-body calculation error (a few %)

 Ab initio calculation of 208Pb

[IMSRG: -1669.59 MeV]

208Pb

Limited by typical memory/node: 

Clever storage reduces needs: TB → GB

208Pb now straightforward:
Solving the Schrodinger equation for 200+ nucleons!

(Super)heavy accessible to ab initio!

16 years: 16O → 56Ni
6 years: 56Ni → 208Pb

Nature Physics 18, 1196 (2022)
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Ab Initio Neutron Skin of 208Pb
Linked to Neutron Star Properties

208Pb

ARTICLES
https://doi.org/10.1038/s41567-022-01715-8
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Neutron stars are extreme astrophysical objects whose interi-
ors may contain exotic new forms of matter. The structure 
and size of neutron stars are linked to the thickness of the 

neutron skin in atomic nuclei via the neutron-matter equation of 
state1–3. The nucleus 208Pb is an attractive target for exploring this 
link in both experimental4,5 and theoretical2,6,7 studies owing to the 
large excess of neutrons and its simple structure. Mean-field cal-
culations predict a wide range for Rskin(208Pb) because the isovector 
parts of nuclear energy density functionals are not well constrained 
by binding energies and charge radii2,7–9. Additional constraints may 
be obtained10 by including the electric dipole polarizability of 208Pb, 
though this comes with a model dependence11 which is difficult to 
quantify. In general, the estimation of systematic theoretical uncer-
tainties is a challenge for mean-field theory.

In contrast, precise ab initio computations, which provide a path 
to comprehensive uncertainty estimation, have been accomplished 
for the neutron-matter equation of state12–14 and the neutron skin in 
the medium-mass nucleus 48Ca (ref. 15). However, up to now, treat-
ing 208Pb within the same framework was out of reach. Owing to 
breakthrough developments in quantum many-body methods, such 
computations are now becoming feasible for heavy nuclei16–19. The  
ab initio computation of 208Pb we report herein represents a signifi-
cant step in mass number from the previously computed tin iso-
topes16,17 (Fig. 1). The complementary statistical analysis in this work 
is enabled by emulators (for mass number A ≤ 16) which mimic the 
outputs of many-body solvers but are orders of magnitude faster.

In this paper, we develop a unified ab initio framework to link 
the physics of nucleon–nucleon scattering and few-nucleon systems 

to properties of medium- and heavy-mass nuclei up to 208Pb,  
and ultimately to the nuclear-matter equation of state near satura-
tion density.

Linking models to reality
Our approach to constructing nuclear interactions is based on chi-
ral effective field theory (EFT)20–22. In this theory, the long-range 
part of the strong nuclear force is known and stems from pion 
exchanges, while the unknown short-range contributions are repre-
sented as contact interactions; we also include the Δ isobar degree 
of freedom23. At next-to-next-to leading order in Weinberg’s power 
counting, the four pion–nucleon low-energy constants (LECs) are 
tightly fixed from pion–nucleon scattering data24. The 13 additional 
LECs in the nuclear potential must be constrained from data.

We use history matching25,26 to explore the modelling capabili-
ties of ab initio methods by identifying a non-implausible region 
in the vast parameter space of LECs, for which the model output 
yields acceptable agreement with selected low-energy experimen-
tal data (denoted herein as history-matching observables). The 
key to efficiently analyse this high-dimensional parameter space 
is the use of emulators based on eigenvector continuation27–29 that 
accurately mimic the outputs of the ab initio methods but at sev-
eral orders of magnitude lower computational cost. We consider 
the following history-matching observables: nucleon–nucleon 
scattering phase shifts up to an energy of 200 MeV; the energy, 
radius and quadrupole moment of 2H; and the energies and radii 
of 3H, 4He and 16O. We perform five waves of this global param-
eter search (Extended Data Figs. 1 and 2), sequentially ruling out 

Ab initio predictions link the neutron skin of 208Pb 
to nuclear forces
Baishan Hu! !1,11, Weiguang Jiang! !2,11, Takayuki Miyagi! !1,3,4,11, Zhonghao Sun5,6,11, Andreas Ekström2, 
Christian Forssén! !2 ✉, Gaute Hagen! !1,5,6, Jason D. Holt! !1,7, Thomas Papenbrock! !5,6, 
S. Ragnar Stroberg8,9 and Ian Vernon10

Heavy atomic nuclei have an excess of neutrons over protons, which leads to the formation of a neutron skin whose thickness 
is sensitive to details of the nuclear force. This links atomic nuclei to properties of neutron stars, thereby relating objects that 
differ in size by orders of magnitude. The nucleus 208Pb is of particular interest because it exhibits a simple structure and is 
experimentally accessible. However, computing such a heavy nucleus has been out of reach for ab initio theory. By combining 
advances in quantum many-body methods, statistical tools and emulator technology, we make quantitative predictions for the 
properties of 208Pb starting from nuclear forces that are consistent with symmetries of low-energy quantum chromodynamics. 
We explore 109 different nuclear force parameterizations via history matching, confront them with data in select light nuclei and 
arrive at an importance-weighted ensemble of interactions. We accurately reproduce bulk properties of 208Pb and determine 
the neutron skin thickness, which is smaller and more precise than a recent extraction from parity-violating electron scattering 
but in agreement with other experimental probes. This work demonstrates how realistic two- and three-nucleon forces act in a 
heavy nucleus and allows us to make quantitative predictions across the nuclear landscape.
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PREX II

Combine ab initio + machine learning advances

I: History Matching: 34 “non-implausible” interactions

II: Calibration/importance sampling: 48Ca properties 

III: Validation: 208Pb properties from ab initio

IV: Prediction: PPD for neutron skin

Rskin(208Pb)=0.14-0.20fm – consistent with PREXII

Ab Initio Neutron Skin of 208Pb

Nature Physics 18, 1196 (2022)
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Nuclear physics

A historic match for nuclei and neutron stars

Arnau Rios

Bayesian history matching is a statistical tool 
used to calibrate complex numerical models. 
Now, it has been applied to first-principles 
simulations of several nuclei, including 208Pb, 
whose properties are linked to the interior of 
neutron stars.

Nuclei are strongly interacting many-body systems formed of  
N neutrons and Z protons; their sum equals the mass number A. The 
first-principles modelling of these complex systems is known as the 
ab initio approach and has brought significant advances to nuclear 
physics in the last decade. From predictions of nuclear masses and 
radii to fusion and decay modes, a wide range of phenomena have been 
addressed starting with neutrons and protons as degrees of freedom 
and including their interactions through systematically improvable 
Hamiltonians and many-body methods. Despite the recent advances 
of ab initio nuclear theory, the developments have seemingly come 
to a halt in the last couple of years, with crude uncertainty estimation 
schemes and the largest simulations limited to isotopes up to mass 
numbers around 130 (ref. 1). Now, writing in Nature Physics, Baishan 
Hu and colleagues have presented a set of statistically meaningful 
predictions for 208Pb with a mass number of 208, thus overcoming — at 
once — several of the issues that were hampering the ab initio approach2. 
Their method can also be applied to the nuclear matter found in the 
interior of neutron stars.

Solving the many-body fermion problem is not easy, but in the 
last decade practitioners have shown that several methods exhibit an 
increase in computational time that is polynomial in A. With enough 
time on high-performance computers, one could — in principle — 
have tackled heavy nuclei, such as lead, a while ago. So why did ab 
initio approaches stall at a mass number around 130? A key problem 
was the mere size of the interaction matrix elements associated with 
three-nucleon forces, which can reach tens to hundreds of terabytes. 
A recent breakthrough, published in the beginning of 2022 by some 
of the authors involved in Hu et al.’s study, introduced a novel storage 
scheme that reduced the size of these files to a few tens of gigabytes. 
This opened the door to ab initio simulations of heavy nuclei3.

In addition to the issues associated to many-body simulations, a 
different hold-up was rooted in the nuclear Hamiltonian itself. Current 
state-of-the-art nuclear Hamiltonians use effective field theories, which 
are linked to quantum chromodynamics. These effective theories are 
built term by term, using the most general Lagrangians that are compat-
ible with the symmetries of the system, according to a power counting 
scheme that works below a certain momentum scale4. Each term is mul-
tiplied by a so-called low energy constant (LEC), which parametrizes its 
strength. These LECs are either fitted to experimental data or inferred 
from high-energy, lattice quantum chromodynamics simulations. 
When it comes to the LECs associated to interactions among neutrons 
and protons, Hu and colleagues used data from nucleon–nucleon 

scattering experiments and the properties of selected nuclei to fit a 
total of 17 LECs. While some of these constants are associated with 
interactions between pairs of nucleons, others quantify the strength 
of genuine three-nucleon forces.

A key struggle of ab initio nuclear theory was the quantification of 
uncertainties associated with these LECs. In the early days, individual 
subsets of LECs were often chosen based on their performance on 
reproducing nuclear properties at the ab initio level. Theoretical errors 
were typically estimated using a few of these subsets, as shown in the 
left panel of Fig. 1. This is, most likely, a statistically biased assessment 
of uncertainties, but is computationally inexpensive. In contrast, a 
meaningful uncertainty quantification scheme requires the propa-
gation of LEC central values, their individual statistical errors, and 
correlations into the many-body domain. In principle, this calls for an 
exploration of a 17-dimensional space coupled to ab initio many-body 
simulations — a very ambitious program that would consume massive 
computing resources.

Hu and colleagues managed to overcome these limitations with the 
help of recent innovations. First, rather than performing computation-
ally expensive ab initio simulations of several isotopes, they created a 
set of numerical emulators. These emulators efficiently capture the LEC 
dependence of ab initio simulations at a fraction of their computational 
cost. The uncertainties caused by the emulation process are relatively 
small and can be included into the error budget.

While the use of emulators accelerated the scheme, the LEC 
search in a 17-dimensional space was still necessary. Hu and colleagues 
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Fig. 1 | Uncertainty estimation methods. Left: in most previous studies, 
different low-energy constant subsets were used to repeatedly compute the 
properties of a given isotope. Averages and standard deviations over these 
results were often used as theoretical uncertainties. The illustration focusses on 
a single observable, the energy per particle (E/A) of a given isotope, but ab initio 
simulations can predict many others. Right: in contrast, Hu and colleagues use 
Bayesian history matching to find a prior distribution of low-energy constants. 
This is calibrated on known properties of 48Ca to obtain Bayesian posteriors, 
which can then be used in the predictions of the properties of 208Pb.
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numbers around 130 (ref. 1). Now, writing in Nature Physics, Baishan 
Hu and colleagues have presented a set of statistically meaningful 
predictions for 208Pb with a mass number of 208, thus overcoming — at 
once — several of the issues that were hampering the ab initio approach2. 
Their method can also be applied to the nuclear matter found in the 
interior of neutron stars.

Solving the many-body fermion problem is not easy, but in the 
last decade practitioners have shown that several methods exhibit an 
increase in computational time that is polynomial in A. With enough 
time on high-performance computers, one could — in principle — 
have tackled heavy nuclei, such as lead, a while ago. So why did ab 
initio approaches stall at a mass number around 130? A key problem 
was the mere size of the interaction matrix elements associated with 
three-nucleon forces, which can reach tens to hundreds of terabytes. 
A recent breakthrough, published in the beginning of 2022 by some 
of the authors involved in Hu et al.’s study, introduced a novel storage 
scheme that reduced the size of these files to a few tens of gigabytes. 
This opened the door to ab initio simulations of heavy nuclei3.

In addition to the issues associated to many-body simulations, a 
different hold-up was rooted in the nuclear Hamiltonian itself. Current 
state-of-the-art nuclear Hamiltonians use effective field theories, which 
are linked to quantum chromodynamics. These effective theories are 
built term by term, using the most general Lagrangians that are compat-
ible with the symmetries of the system, according to a power counting 
scheme that works below a certain momentum scale4. Each term is mul-
tiplied by a so-called low energy constant (LEC), which parametrizes its 
strength. These LECs are either fitted to experimental data or inferred 
from high-energy, lattice quantum chromodynamics simulations. 
When it comes to the LECs associated to interactions among neutrons 
and protons, Hu and colleagues used data from nucleon–nucleon 

scattering experiments and the properties of selected nuclei to fit a 
total of 17 LECs. While some of these constants are associated with 
interactions between pairs of nucleons, others quantify the strength 
of genuine three-nucleon forces.

A key struggle of ab initio nuclear theory was the quantification of 
uncertainties associated with these LECs. In the early days, individual 
subsets of LECs were often chosen based on their performance on 
reproducing nuclear properties at the ab initio level. Theoretical errors 
were typically estimated using a few of these subsets, as shown in the 
left panel of Fig. 1. This is, most likely, a statistically biased assessment 
of uncertainties, but is computationally inexpensive. In contrast, a 
meaningful uncertainty quantification scheme requires the propa-
gation of LEC central values, their individual statistical errors, and 
correlations into the many-body domain. In principle, this calls for an 
exploration of a 17-dimensional space coupled to ab initio many-body 
simulations — a very ambitious program that would consume massive 
computing resources.

Hu and colleagues managed to overcome these limitations with the 
help of recent innovations. First, rather than performing computation-
ally expensive ab initio simulations of several isotopes, they created a 
set of numerical emulators. These emulators efficiently capture the LEC 
dependence of ab initio simulations at a fraction of their computational 
cost. The uncertainties caused by the emulation process are relatively 
small and can be included into the error budget.

While the use of emulators accelerated the scheme, the LEC 
search in a 17-dimensional space was still necessary. Hu and colleagues 
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Fig. 1 | Uncertainty estimation methods. Left: in most previous studies, 
different low-energy constant subsets were used to repeatedly compute the 
properties of a given isotope. Averages and standard deviations over these 
results were often used as theoretical uncertainties. The illustration focusses on 
a single observable, the energy per particle (E/A) of a given isotope, but ab initio 
simulations can predict many others. Right: in contrast, Hu and colleagues use 
Bayesian history matching to find a prior distribution of low-energy constants. 
This is calibrated on known properties of 48Ca to obtain Bayesian posteriors, 
which can then be used in the predictions of the properties of 208Pb.
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Nuclear moments of indium isotopes reveal 
abrupt change at magic number 82

A. R. Vernon1,2,3 ✉, R. F. Garcia Ruiz2,4 ✉, T. Miyagi5, C. L. Binnersley1, J. Billowes1, M. L. Bissell1, 
J. Bonnard6, T. E. Cocolios3, J. Dobaczewski6,7, G. J. Farooq-Smith3, K. T. Flanagan1,8, 
G. Georgiev9, W. Gins3,10, R. P. de Groote3,10, R. Heinke4,11, J. D. Holt5,12, J. Hustings3, 
Á. Koszorús3, D. Leimbach11,13,14, K. M. Lynch4, G. Neyens3,4, S. R. Stroberg15, S. G. Wilkins1,2, 
X. F. Yang3,16 & D. T. Yordanov4,9

In spite of the high-density and strongly correlated nature of the atomic nucleus, 
experimental and theoretical evidence suggests that around particular ‘magic’ 
numbers of nucleons, nuclear properties are governed by a single unpaired nucleon1,2. 
A microscopic understanding of the extent of this behaviour and its evolution in 
neutron-rich nuclei remains an open question in nuclear physics3–5. The indium 
isotopes are considered a textbook example of this phenomenon6, in which the 
constancy of their electromagnetic properties indicated that a single unpaired proton 
hole can provide the identity of a complex many-nucleon system6,7. Here we present 
precision laser spectroscopy measurements performed to investigate the validity of 
this simple single-particle picture. Observation of an abrupt change in the dipole 
moment at N = 82 indicates that, whereas the single-particle picture indeed 
dominates at neutron magic number N = 82 (refs. 2,8), it does not for previously 
studied isotopes. To investigate the microscopic origin of these observations,  
our work provides a combined effort with developments in two complementary 
nuclear many-body methods: ab initio valence-space in-medium similarity 
renormalization group and density functional theory (DFT). We find that the inclusion 
of time-symmetry-breaking mean fields is essential for a correct description of 
nuclear magnetic properties, which were previously poorly constrained. These 
experimental and theoretical findings are key to understanding how seemingly simple 
single-particle phenomena naturally emerge from complex interactions among 
protons and neutrons.

The atomic nucleus is formed by strongly interacting nucleons  
(protons, Z, and neutrons, N), packed tightly into a volume around a 
trillion times smaller than that of atoms. Hence, describing the atomic 
nuclei and predicting their properties at extreme values of mass and 
charge are the main long-standing challenges for nuclear science. 
Similar to electrons in an atom, the nucleons (protons and neutrons) 
in the atomic nucleus occupy quantum ‘shells’. Thus, nuclei with a 
single valence particle or hole around a nuclear closed shell provide 
important foundations for our understanding of the atomic nucleus. 
Their simpler structure vastly reduces the complexity of the quantum 
many-body problem, providing critical guidance for the development 
of nuclear theory.

Recent advances in our understanding of the strong interaction and 
the development of many-body methods, combined with escalation 

in computer power, have enabled theoretical descriptions of increas-
ingly complex nuclei. Isotopes around the proton closed shell Z = 50, 
are now the frontier of ab initio calculations9,10. The properties of these 
nuclei can be described by complementary many-body methods such 
as configuration interaction methods4 and nuclear DFT11. This has led to 
an increased focus on studying this region of the nuclear chart (around 
Z = 50, N = 50, 82) over the past decade2,8,12–14.

Here we present measurements of two fundamental properties 
of indium isotopes using precision laser spectroscopy: the (spec-
troscopic) magnetic dipole moment, µ, and the electric quadrupole 
moment, Q. Measurements were performed for the neutron-rich In 
(Z = 49) isotopes, reaching up to 131In, which possesses a magic number 
of N = 82 neutrons (see Methods for details). With a single-proton-hole 
configuration with respect to the well-established2,8,14 proton closed 
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shell of Z = 50, the low-energy structure of the odd-mass indium iso-
topes is expected to be governed by a single-hole configuration in the 
proton orbit π1g9/2.

As we show here, the nuclear magnetic dipole moments of odd-mass 
indium isotopes are determined by the total spin distribution of the 
nucleus induced by the unpaired valence proton hole. This is sche-
matically illustrated at the bottom right of Fig. 1. The nuclear electric 
quadrupole moment provides a complementary measurement of 
the nuclear charge distribution and is highly sensitive to the collec-
tive motion of all nucleons15. These observables together therefore 
explore distinct aspects of the nucleon distribution and measuring 
them across a large range of neutron numbers allows a unique insight 

into the evolution of the interplay between single-particle and collec-
tive nuclear phenomena.

Previously, the magnetic moments of the ground state Iπ = 9/2+ of 
indium isotopes were known to exhibit remarkably little variation over 
22 isotopes, from A = 105 to 127 (see Fig. 1b open symbols)7. The constant 
value of the magnetic moment over such a long range of isotopes has 
been presented as an archetypal example of the independent-particle 
behaviour of single-particle states near a proton shell closure6,7. ‘How 
do these seemingly simple patterns emerge from complex interactions 
among protons and neutrons?’ and ‘Do they prevail at extreme number of 
neutrons?’ are two principal open questions that we address in this work.

In addition to the ground state, the indium isotopes can also exist in 
excited nuclear configurations with relatively long lifetimes—isomers—
with spin Iπ = 1/2−. These isomeric states provide further insight and are 
expected to be described by a single-hole configuration based on a dif-
ferent proton orbital (π2p1/2). However, in contrast to the Iπ = 9/2+ states, 
the µ values of these isomeric states exhibit notable variations (see Fig. 3), 
posing a three-decades-long puzzle in our description of these nuclei7.

To unravel the microscopic origin of the electromagnetic properties of 
these isotopes, we compare our experimental results with two comple-
mentary state-of-the-art theoretical methods: (1) ab initio valence-space 
in-medium similarity renormalization group (VS-IMSRG) calculations9,16, 
which start from nucleon–nucleon interactions derived from chiral 
effective field theory17, and (2) symmetry-breaking nuclear DFT11,18. 
The latter assumes nucleons moving within their own self-consistently 
generated spin-dependent broken-symmetry-confining potential. DFT 
provides a satisfactory description of bulk nuclear properties such as 
radii and binding energies across the whole nuclear chart19–21. Here we 
have developed its symmetry-restored version22 to be able to provide 
accurate calculations of spectroscopic µ and Q moments.

Experimental and theoretical developments
Our measurements were performed using the collinear resonance 
ionization spectroscopy (CRIS) technique at the ISOLDE facility of 
CERN23 (see Methods for details). From the hyperfine structure, we 
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Fig. 1 | Evolution of nuclear electromagnetic properties for the 9/2+ ground 
states of 105–131 In isotopes. a, b, The electric quadrupole moments (a) and 
magnetic dipole moments (b). The horizontal dotted line indicates the 
single-particle value (Schmidt limit). Experimental results are compared with 
theoretical calculations from ab initio VS-IMSRG and DFT. Literature 
experimental values for 105–127In were taken from ref. 7. The evolution of 

collective properties of these isotopes is illustrated at the bottom of the figure: 
left, quadrupole polarization gradually reduces to a single-proton-hole value at 
N = 82; right, the magnetic dipole moments abruptly approach the value for a 
single proton hole in a 132Sn core at N = 82, as the dominant effect changes from 
charge to spin distribution.
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calculated µ values of the Iπ = 9/2+ state from the DFT HF calculations, compared 
with experiment. See text for details.
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(b) (c)(a)

FIG. 1. Diagrams illustrating the two-body charge operators at
order n = 0 or eQ0. Nucleons, pions, and photons are denoted by
solid, dashed, and wavy lines, respectively. The solid circle in panel
(a) is associated with a γπN vertex of order eQ. Only one among
the possible time orderings is shown.

same form factor be used to describe the electromagnetic
structure of the hadrons in the longitudinal part of the current
operator and in the charge operator. However, it places no
restrictions on the electromagnetic form factors which may be
used in the transverse parts of the current. By ignoring this
ambiguity, the choice made here (GV

E) satisfies the “minimal”
requirement of current conservation [16].

Relativistic corrections to the leading-order one-body cur-
rent and charge operators enter, respectively, at n = 0 and
n = −1 (both denoted as N2LO) and are given by

j(0) = − e

8 m3
N

eN,1(q2)
[
2
(
K2

1 + q2/4
)
(2 K1 + i σ 1 × q)

+ K1 · q (q + 2 i σ 1 × K1)
]

− i e

8 m3
N

[ µN,1(q2) − eN,1(q2)]

× [K1 · q (4 σ 1 × K1 − i q) − (2 i K1 − σ 1 × q) q2/2

+ 2 (K1 × q) σ 1 · K1] δ(p′
2 − p2) + 1 ⇀↽ 2, (2.10)

ρ(−1) = − e

8 m2
N

[ 2 µN,1(q2) − eN,1(q2)]

× (q2 + 2 i q · σ 1 × K1) δ(p′
2 − p2) + 1 ⇀↽ 2, (2.11)

while the n = 0 (N3LO) OPE two-body charge operators,
illustrated in Fig. 1, read

ρ(0)
a = e

2 mN

g2
A

F 2
π

[
GS

E(q2) τ 1 · τ 2 + GV
E (q2) τ2z

]

× σ 1 · q σ 2 · k2

ω2
k2

+ 1 ⇀↽ 2, (2.12)

ρ
(0)
b (ν) = − e

4 mN

g2
A

F 2
π

σ 1 · k2 σ 2 · k2

ω4
k2

×
[
(1 − ν)

[
GS

E(q2) τ 1 · τ 2 + GV
E(q2) τ2,z

]
q · k2

+ 2 i GV
E (q2) (τ 1 × τ 2)z k2 · [ (1 − ν) K1

+ (1 + ν) K2]
]
+ 1 ⇀↽ 2, (2.13)

ρ(0)
c = i

e

mN

g2
A

F 2
π

Gπ (q2) (τ 1 × τ 2)z k1 · K1
σ 1 · k1 σ 2 · k2

ω2
k1

ω2
k2

+ 1 ⇀↽ 2. (2.14)

The operator of panel (a) of Fig. 1 is due to a γπN vertex of
order eQ originating from the interaction Hamiltonian

e gA

2 mNFπ

∫
dx N † σ · (∇A0)(τ · π + πz)N,

derived first by Phillips [10]. In the context of meson-exchange
phenomenology, an operator of precisely this form results
from considering the low-energy limit of the relativistic
Born diagrams associated with virtual pion photoproduction
amplitudes (see the review paper [17] and references therein).
From this perspective, it appears reasonable to include the
nucleon form factors GS

E and GV
E in Eq. (2.12).

The operator of panel (b) of Fig. 1 depends on the
off-energy-shell extrapolation, specified by the parameter ν,
adopted for the nonstatic corrections of order Q2 to the OPE
potential [18],

v(2)
π (k, K; ν) = (1 − 2 ν)

v(0)
π (k)
ω2

k

(k · K)2

4 m2
N

. (2.15)

As shown in Ref. [18] (and within the present approach in
Ref. [6]), different off-shell prescriptions for v(2)(ν) and ρ(0)(ν)
are unitarily equivalent:

ρ(−3) + ρ
(0)
b (ν) = e−i U (ν)[ρ(−3) + ρ

(0)
b (0)

]
e+i U (ν)

≃ ρ(−3) + ρ
(0)
b (0) + [ρ(−3), i U (0)(ν)], (2.16)

where the Hermitian operator U (ν) admits the expansion

U (ν) = U (0)(ν) + U (1)(ν) + · · · , (2.17)

and U (0)(ν) and U (1)(ν) (see below) have been constructed,
respectively, in Refs. [18] and [6] [and, in this last paper,
Eqs. (28) and (55), which give equivalent momentum-space
expressions for U (1)(ν), contain a typographical error: the
imaginary unit on the left-hand side should be removed].
Phenomenological potentials, such as the Argonne v18
(AV18) [19], and χEFT potentials, such as those recently
derived by Entem and Machleidt [20], make the choice
ν = 1/2 in Eq. (2.15); i.e., nonstatic corrections to the OPE
potential are ignored.

The operator of panel (c), containing the γππ vertex, is
obtained by expanding the energy denominators as [6]

1
Ei − EI − ωπ

= − 1
ωπ

[
1 + Ei − EI

ωπ

+ · · ·
]

, (2.18)

where EI denotes NN (or NNγ ) intermediate energies and
ωπ the pion energy (or energies, as the case may be), and
by noting that the leading (static) corrections vanish, when
summed over the possible six time orderings. However, the
terms proportional to the ratio (Ei − EI )/ωπ , which is of
order Q, lead to the nonstatic operator given in Eq. (2.14).
It is multiplied by the pion form factor Gπ (q2), which we
parametrize in vector-meson dominance and consistently with
experimental data at low momentum transfers as

Gπ (q2) = 1
1 + q2/m2

ρ

, (2.19)

where mρ is the ρ-meson mass.

A. Current operators at order n = 1 (e Q)

The currents at order eQ (N3LO) are illustrated diagram-
matically in Fig. 2, and they consist of (i) terms generated by
minimal substitution in the four-nucleon contact interactions
involving two gradients of the nucleon fields as well as by
nonminimal couplings to the electromagnetic field, (ii) OPE
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Impact of Two-Body Currents on Magnetic Dipole Moments of Nuclei
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We investigate the effects of two-body currents on magnetic dipole moments of medium-mass and heavy
nuclei using the valence-space in-medium similarity renormalization group with chiral effective field
theory interactions and currents. Focusing on near doubly magic nuclei from oxygen to bismuth, we have
found that the leading two-body currents globally improve the agreement with experimental magnetic
moments. Moreover, our results show the importance of multishell effects for 41Ca, which suggest that the
Z ¼ N ¼ 20 gap in 40Ca is not as robust as in 48Ca. The increasing contribution of two-body currents in
heavier systems is explained by the operator structure of the center-of-mass dependent Sachs term.

DOI: 10.1103/PhysRevLett.132.232503

Nuclear magnetic dipole moments are a key probe to
explore the structure of atomic nuclei. For odd-mass
systems, the simplest description of magnetic moments
is to consider only the contribution from the last unpaired
nucleon, known as the single-particle or Schmidt limit [1].
An experimental deviation from the Schmidt limit indicates
the impact of many-body contributions to the magnetic
moment, with important contributions from core-polariza-
tion effects [2–4]. Since the magnetic moments are sensi-
tive to shell structure, they provide an important probe of
nuclear structure and shell closures, complementary to high
2þ excitation energies, high separation energies, and more
inert radii at magic numbers. Recent experimental efforts
have thus focused on the evolution of magnetic moments
along isotopic chains [5]. From the theoretical side,
providing an accurate description of magnetic moments
in medium-mass and heavy nuclei has been a major
challenge. The comparison with experiments often requires
the use of adjustable parameters that are commonly fitted to

improve agreement with experimental data in specific
regions of the nuclear chart (see, e.g., Ref. [5]). For a
reliable description of magnetic dipole moments, it is
important to perform controlled nuclear structure calcu-
lations with many-body electromagnetic (EM) operators.
The goal of this work is a first global ab initio survey of
magnetic moments near doubly magic nuclei from oxygen
to bismuth.
In the past decades, great progress has been made in

advancing ab initio calculations to medium-mass and
heavy nuclei [6–11], culminating in the recent ab initio
calculation of 208Pb [12]. At the same time, ab initio
calculations have explored EM observables and weak
transitions including contributions beyond the standard
one-body operators [13–21]. However, these efforts have
so far focused on light nuclei, except for a global study of
beta decays of medium-mass nuclei up to 100Sn [19]. The
latter work showed that many-body correlations and two-
body currents (2BC) are key to explain the quenching
puzzle of beta decays. Here, we focus on magnetic
moments up to bismuth, including both many-body corre-
lations and for the first time the leading EM 2BC.
Another motivation for this work is the recent precision

measurements of the magnetic dipole moments of indium
isotopes [22]. The experimental results showed a striking
jump at N ¼ 82 towards the Schmidt limit, supporting the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by the Max Planck
Society.
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The dominant decay mode of atomic nuclei is beta decay 
(β-decay), a process that changes a neutron into a proton (and 
vice versa). This decay offers a window to physics beyond the 
standard model, and is at the heart of microphysical processes 
in stellar explosions and element synthesis in the Universe1–3. 
However, observed β-decay rates in nuclei have been found to 
be systematically smaller than for free neutrons: this 50-year-
old puzzle about the apparent quenching of the fundamental 
coupling constant by a factor of about 0.75 (ref. 4) is without a 
first-principles theoretical explanation. Here, we demonstrate 
that this quenching arises to a large extent from the coupling 
of the weak force to two nucleons as well as from strong corre-
lations in the nucleus. We present state-of-the-art computa-
tions of β-decays from light- and medium-mass nuclei to 100Sn 
by combining effective field theories of the strong and weak 
forces5 with powerful quantum many-body techniques6–8. Our 
results are consistent with experimental data and have impli-
cations for heavy element synthesis in neutron star mergers9–11 
and predictions for the neutrino-less double-β-decay3, where 
an analogous quenching puzzle is a source of uncertainty in 
extracting the neutrino mass scale12.

Gamow–Teller transitions are a form of β-decay in which the 
spins of the β-neutrino pair emitted during the nuclear decay are 
aligned. Remarkably, calculated Gamow–Teller strengths appear 
to reproduce most of the experimental data if the fundamental 
constant gA ≈ 1.27 characterizing the coupling of the weak inter-
action to a nucleon is quenched by a factor of q ≈ 0.75 (refs. 13–16). 
Missing nuclear correlations (that is, a lack of complexity in nuclear 
wavefunctions due to the limitations of nuclear models) as well as 
neglected contributions from meson-exchange currents (that is, 
coupling of the weak force to two nucleons) have been proposed as 
possible causes of the quenching phenomenon4. However, a solution 
has so far remained elusive. To address the quenching puzzle, we 
carry out a comprehensive study of Gamow–Teller decays through 
many-body computations of nuclei based on effective field theo-
ries (EFTs) of quantum chromodynamics5,17, including an unprec-
edented amount of correlations in the nuclear wavefunctions. The 
EFT approach offers the prospect of accuracy, by encoding the 
excluded high-energy physics through coefficients adjusted to the 

data, and precision, from the systematically improvable EFT expan-
sion. Moreover, EFT enables a consistent description of the cou-
pling of weak interactions to two nucleons via two-body currents 
(2BCs). In the EFT approach, 2BCs enter as subleading corrections 
to the one-body standard Gamow–Teller operator στ+ (with Pauli 
spin and isospin matrices σ and τ, respectively); they are smaller but 
significant corrections to weak transitions as three-nucleon forces 
are smaller but significant corrections to the nuclear interaction5,17.

In this work we focus on strong Gamow–Teller transitions, 
where the effects of quenching should dominate over cancellations 
due to fine details (as occur in the famous case of the 14C decay 
used for radiocarbon dating18,19). An excellent example is the super-
allowed β-decay of the doubly magic 100Sn nucleus (Fig. 1), which 
exhibits the strongest Gamow–Teller strength so far measured in all 
atomic nuclei20. A first-principles description of this exotic decay, 
in such a heavy nucleus, presents a significant computational chal-
lenge. However, its equal ‘magic’ numbers (Z = N = 50) of protons 
and neutrons arranged into complete shells makes 100Sn an ideal 
candidate for large-scale coupled-cluster calculations21, while the 
daughter nucleus 100In can be reached via novel extensions of the 
high-order charge-exchange coupled-cluster methods developed 
in this work (see Methods and Supplementary Figs. 4, 12 and 15 
for details). This method includes correlations via a vast number of 
particle–hole excitations of a reference state and also employs 2BCs 
in the transition operator.

Figure 1 shows our results for the strength (that is, the abso-
lute square of the transition matrix element, MGT) of the Gamow–
Teller transition to the dominant Jπ = 1+ state in the 100In daughter 
nucleus (see Supplementary Table 1 and Supplementary Fig. 12 for 
more details). To investigate systematic trends and sensitivities to 
the nuclear Hamiltonian, we employed a family of established EFT 
interactions and corresponding currents22–24. For increased preci-
sion, we also developed a new interaction labelled NN-N4LO + 3Nlnl 
which is constrained to reproduce the triton half-life (see Methods 
for details on the Hamiltonians considered). The open symbols in 
Fig. 1 depict the decay with the standard, leading-order coupling of 
the weak force to a single nucleon in the non-relativistic limit (that 
is, via the standard Gamow–Teller operator στ+). The differences 
with respect to the extreme single-particle model (ESPM), which 
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Beta-Decay “Puzzle”: Quenching of gA

Long-standing problem1 in weak decays experimental values systematically smaller than theory
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Re-evaluate in modern framework?
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topology and spin–orbit interactions may 
soon be discovered in Co3Sn2S2. Yet, one 
can also anticipate that further extension 
of the family of kagome magnets will 
continue, with new compounds bringing 
even more surprises originating from  
the peculiar band structure and  
frustration effects.
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Beta decay gets the ab initio treatment
One of the fundamental radioactive decay modes of nuclei is β decay. Now, nuclear theorists have used first-principles 
simulations to explain nuclear β decay properties across a range of light- to medium-mass isotopes, up to 100Sn.

Arnau Rios

The theoretical modelling of nuclei 
and their different decay modes is a 
challenging field. Take β decay, for 

example, which affects the vast majority 
of radioactive isotopes. For years, the 
most accurate theoretical calculations 
of nuclear structure, which agreed with 
experiments on masses and shell structure, 
predicted β-decay half-lives that were not in 
agreement with experiments. Practitioners 
had to introduce a correction factor, a 
‘quench’ of their calculations by about 25% 
to reproduce experimental values. The 
origin of this ‘quenching puzzle’ remained 
elusive for decades. Now, writing in Nature 
Physics, Peter Gysbers and colleagues have 
provided a solution to the puzzle based on 
first-principles simulations1.

In the past decade, the so-called  
ab initio revolution has changed the way 
that nuclear theory and, more generally, 
nuclear physics operates on a daily basis. 
New nuclear interactions, effectively 
derived from the theory of quantum 
chromodynamics, and advances in 
computational resources have allowed for a 
truly first-principles description of nuclear 
structure2. Compared with the more 
traditional phenomenological or density 
functional calculations, microscopic  
ab initio simulations allow for a consistent 
treatment of systematic errors and offer a 
significantly different level of predictive 
power as they have virtually no parameters 
and are directly informed by the 
underlying theory of the strong force.

Most early ab initio calculations were 
used to study nuclear masses. Over time, 
however, the reach of these calculations 
was extended substantially from closed- to 
open-shell isotopes3 and from masses to 
nuclear radii4, electromagnetic observables5 

and even nuclear reactions6. At present, the 
most stringent limitation of these methods 
is computational power, which limits 
the number of particles in simulations. 
Currently, ab initio calculations can be used 

to predict properties of isotopes up to mass 
number A ≈ 100.

The study of radioactive decays was 
conspicuously missing in the recent wave 
of ab initio predictions. The most common 
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Fig. 1 | Section of the Segrè chart. An excerpt of the Segrè chart showing isotopes of elements between 
hydrogen (Z = 1, bottom) and tin (Z = 50, top). The grey squares represent experimentally known 
isotopes9. In this region of the chart, most isotopes decay by β decay, either by emitting an electron  
(β– decay, yellow squares) or a positron (β+ decay, blue squares). Gysbers and colleagues have studied 
the isotopes marked in red, and have found a remarkable level of agreement with experimental data. The 
vertical and horizontal black lines mark the position of magic numbers, which indicate particularly stable 
nuclear configurations.
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Solution to gA-Quenching Problem
VS-IMSRG calculations in regions from O → Ca (sd) and Ca→Ni (pf) shells

Ab initio calculations across the chart explain data with unquenched gA

Next up: explore double-beta decays…
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of 2BCs in A ≤ 7 nuclei is similar to what was found in the Green’s 
function Monte Carlo calculations of ref. 26. We find a rather sub-
stantial enhancement of the 8He Gamow–Teller matrix element due 
to the 2BC. Let us mention, though, that this transition matrix ele-
ment is the smallest of those presented in Fig. 2. We note that, for the 
other Hamiltonians employed in this work, the 2BCs and 3N were 
not fit to reproduce the triton half-life; nevertheless, the inclusion of 
2BCs for most of these cases also improves the agreement with data 
for the light nuclei considered in Fig. 2 (see Supplementary Fig. 9 
for results obtained with NNLOsat and NN-N3LO + 3Nlnl). The case 
of 10C is special because the computed Gamow–Teller transition is 
very sensitive to the structure of the Jπ = 1+ state in the 10B daughter 
nucleus. Depending on the employed interaction, this state can mix 
with a higher-lying 1+ state, greatly impacting the precise value of 
this transition. We finally note that benchmark calculations between 

the many-body methods used in this work agree to within 5% for 
the large transition in 14O. For smaller transitions discrepancies can 
be larger (see Supplementary Information for details).

Historically, the most extensive evidence for the quenching 
of Gamow–Teller β-decay strength comes from medium-mass 
nuclei14,16,27, and we now show that our calculations with these 
consistent Hamiltonians and currents largely solve the puzzle here 
as well. We use the valence-space in-medium similarity renor-
malization group (VS-IMSRG) method8 (see Methods for details) 
and compute Gamow–Teller decays for nuclei in the mass range 
between oxygen and calcium (referred to as sd-shell nuclei) and 
between calcium and vanadium (lower pf-shell nuclei), focusing on 
strong transitions. Here, we highlight the NN-N4LO + 3Nlnl interac-
tion and corresponding 2BCs.

Figure 3 shows the empirical values of the Gamow–Teller tran-
sition matrix elements versus the corresponding unquenched 
theoretical matrix elements obtained from the phenomenological 
shell model with the standard Gamow–Teller στ operator and the 
first-principles VS-IMSRG calculations. Perfect agreement between 
theory and experiment is denoted by the diagonal dashed line. The 
results from the phenomenological shell model clearly exemplify 
the state of theoretical calculations for decades13–16,27; as an example, 
in the sd-shell shell, a quenching factor of q ≈ 0.8 is needed to bring 
the theory into agreement with experiment14. The VS-IMSRG cal-
culations without 2BCs (not shown) exhibit a modest improvement, 
with a corresponding quenching factor of 0.89(4) for sd-shell nuclei 
and 0.85(3) for pf-shell nuclei, pointing to the importance of con-
sistent valence-space wavefunctions and operators (Supplementary 
Fig. 10). As in 100Sn, the inclusion of 2BCs yields an additional 
quenching of the theoretical matrix elements, and the linear fit of 
our results lies close to the dashed line, meaning our theoretical pre-
dictions agree, on average, with experimental values across a large 
number of medium-mass nuclei.

Another approach often used in the investigation of Gamow–
Teller quenching is the Ikeda sum-rule: the difference between the 
total integrated β− and β+ strengths obtained with the στ∓ operator 
yields the model-independent sum-rule 3(N – Z). We have com-
puted the Ikeda sum-rule for 14O, 48Ca and 90Zr using the coupled-
cluster method (see Methods for details). For the family of EFT 
Hamiltonians used for 100Sn we obtain a quenching factor aris-
ing from 2BCs that is consistent with our results shown in Fig. 3  
and the shell-model analyses from refs. 14–16,27. (Supplementary 
Fig. 7). We note that the comparison with experimental sum-rule 
tests using charge-exchange reactions28,29 is complicated by the 
use of a hadronic probe, which only corresponds to the leading 
weak one-body operator, and by the challenge of extracting all 
strength to high energies. Here, our developments enable future 
direct comparisons.

It is the combined proper treatment of strong nuclear correla-
tions with powerful quantum many-body solvers and the consis-
tency between 2BCs and three-nucleon forces that largely explains 
the quenching puzzle. Smaller corrections are still expected to 
arise from neglected higher-order contributions to currents and 
Hamiltonians in the EFT approach we pursued, and from neglected 
correlations in the nuclear wavefunctions. For beyond-standard-
model searches of new physics such as neutrino-less double-β-
decay, our work suggests that a complete and consistent calculation 
without a phenomenological quenching of the axial-vector coupling 
gA is called for. This Letter opens the door to ab initio calculations of 
weak interactions across the nuclear chart and in stars.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41567-019-0450-7.
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Fig. 3 | Gamow–Teller strengths in medium-mass nuclei. Comparison 
of experimental30 and theoretical Gamow–Teller matrix elements for 
medium-mass nuclei. a,b, Plots of Gamow–Teller matrix elements: sd-
shell (a) and lower pf-shell (b). Theoretical results were obtained using 
phenomenological shell-model interactions16,31 with an unquenched 
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error bars.
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0νββ Decay for All Major Players: 76Ge
100Mo,130Te,136Xe

*Milestone Result*

Antoine Belley Lotta Jokiniemi Isabella Ginnett Jack Pitcher
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(More) Current Status of NMEs
Updated phenomenology w/ short-range contact

Uncertainty from sign of short-range term
New(er) results increase factors up to 10 uncertainty 😬 can ab initio help?

Compiled values from: Engel and Menéndez (2017); Brase et al, PRC (2022)

Cirigliano et al. PRL (2018)
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Ab Initio Strategy: Predict in Heavy Nuclei
Converged NMEs for major players in global searches: 76Ge, 100Mo, 130Te, 136Xe 

Belley et al., arXiv:2307.15156
Nature (under review)
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Ab Initio Strategy: Predict in Heavy Nuclei

Belley et al., 
arXiv:2307.15156
Nature (under review)

Converged NMEs for major players in global searches: 76Ge, 100Mo, 130Te, 136Xe 
Ab initio results: differences from models; large NMEs strongly disfavored
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Ab Initio Strategy: Predict in Heavy Nuclei

Belley et al., 
arXiv:2307.15156
Nature (under review)

Converged NMEs for major players in global searches: 76Ge, 100Mo, 130Te, 136Xe 
Ab initio results: differences from models; large NMEs strongly disfavored
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Ab Initio Strategy: Explore Correlations
76Ge: Explore correlations with other observables from 34 interactions
No obvious correlations, except DGT

Use machine learning for further insights? Belley et al., arXiV:2210.05809
Yao, Ginnett, Belley et al., PRC (2022)
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MM-DGP Emulator for IMSRG: Sensitivity Analysis
Newly developed MM-DGP data-driven emulator
Sensitivity analysis: Connect energies to terms in chiral forces

Sensitivity consistent with other complementary studies D
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The MM-DGP algorithm: GSA

M0ν
LGround state energies

26

Belley, Pitcher et al. in prep.

76Ge
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Newly developed MM-DGP data-driven emulator for VS-IMSRG

Sensitivity analysis: Connect 0νββ decay to terms in chiral forces

Highly sensitive to single constant “C1S0” – related to 1S0 phase shift

MM-DGP Emulator for IMSRG: Sensitivity Analysis
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The MM-DGP algorithm: GSA

M0ν
LGround state energies

26

Belley, Pitcher et al. in prep.Belley, Pitcher et al., in prep

76Ge
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Clear correlation with 1S0 phase-shift
Strong correlation emerges for energies > 50MeV

Constrained by part of interaction for the two nucleons when “close” to each other

MM-DGP Emulator: Correlation w/ 1S0 Phase Shift

Belley, Pitcher et al., in prep
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Ab Initio Strategy: Explore Correlations
Explore correlations with other observables from systematic analysis (34 interactions)
Few clear correlations, except DGT in 76Ge

Novel correlation with measured 1S0 phase shift!

Belley et al., arXiV:2210.05809
Belley, Pitcher, et al., in prep
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Construct predictive posterior distribution for NME in 76Ge
Consider all physics contributing to systematic error

Use 8100+ samplings of NN+3N forces
weight by quality of 1S0 phase shift

“Solve” many-body problem with MM-DGP 

Many-body error largest → IMSRG(3)
Mean NME validates previous interactions
Dramatically reduced uncertainty in 76Ge

Ab Initio Strategy: Rigorous Uncertainties

<latexit sha1_base64="MbAB7wLKwfhaHpwGJVap9H96Mxk="></latexit>

y = yMM�DDGP + ✏emulator + ✏EFT + ✏many�body + ✏operator
Belley et al., Physical Review Letters (in press)

Nuclear Models
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Updated Predictions in Heavy Nuclei
Converged NMEs for major players in global searches: 76Ge, 100Mo 130Te, 136Xe 
Independent PPD agrees with previous spread
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Ab Initio Strategy: Impact on Worldwide Searches
Impact for current searches: large matrix elements disfavored, lowers expected rates
Current experimental reach – improved with effects of contact term

Highly unlikely inverted Hierarchy has been probed Belley et al, arXiv:2307.15156
Nature (under review)
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Ab Initio Strategy: Impact on Ton-Scale Searches
Impact for next-generation searches: sensitivities from LEGEND, SNO+, nEXO, CUPID
Effect of short-range term improves experimental reach… 100Mo now a major player

Uncertainty reduced by over one order of magnitude! Belley et al, arXiv:2307.15156
Nature (under review)
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(Not so) Bold predictions: Five new directions in the next 5 years

Nucleosynthesis
Ab initio input for r-process

Nicole Vassh Maude Larivière

Baishan Hu

2024

Act II Preview: Future of Ab Initio Theory

SYNTHESIS OF ELEMENTS IN STARS

TAsr z I,1.Table of elements and isotopes /compiled from Chart of
the Xgcjides (Knolls Atomic Power Laboratory, April, 1956)).

Elements Isotopes
tO
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Radioactive:
Natural (Z&83)

(Zi83)
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102 Total
1 ¹utron
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b Including At and Fr produced in weak side links of natural radioactivity
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nuclear material into any other even at low energies
of interaction.
With this relatively simple picture of the structure

and interactions of the nuclei of the elements in mind,
it is natural to attempt to explain their origin by a
synthesis or buildup starting with one or the other or
both of the fundamental building blocks. The following
question can be asked: What has been the history of
the matter, on which we can make observations, which
produced the elements and isotopes of that matter in
the abundance distribution which observation yields?
This history is hidden in the abundance distribution of
the elements. To attempt to understand the sequence
of events leading to the formation of the elements it is
necessary to study the so-called universal or cosmic
abundance curve.
Whether or not this abundance curve is universal is

not the point here under discussion, It is the distribu-
tion for the matter on which we have been able to make
observations. We can ask for the history of that par-
ticular matter. We can also seek the history of the
peculiar and abnormal abundances, observed in some
stars. We can finally approach the problem of the uni-
versal or cosmic abundances. To avoid any implication
that the abundance curve is universal, when such an
implication is irrelevant, we commonly refer to the
number distribution of the atomic species as a function
of atomic weight simply as the atomic abundance dis-
tribution. In graphical form, we call it the atomic
abundance curve.
The 6rst attempt to construct such an abundance

curve was made by Goldschmidt (Go37).f An improved
curve was given by Brown (Br49) and more recently
Suess and Urey (Su56) have used the latest available
data to give the most comprehensive curve so far avail-
able. These curves are derived mainly from terrestrial,
meteoritic, and solar data, and in some cases from other
astronomical sources. Abundance determinations for
f Refer to Bibliography at end of paper.
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FIG. I,i. Schematic curve of atomic abundances as a function
of atomic weight based on the data of Suess and Urey (Su56).
Suess and Urey have employed relative isotopic abundances to
determine the slope and general trend of the curve. There is still
considerable spread of the individual abundances about the curve
illustrated, but the general features shove are now fairly well
established. These features are outlined in TaMe I,2. Note the
overabundances relative to their neighbors of the alpha-particle
nuclei A = 16, 20, ~ ~ 40, the peak at the iron group nuclei, and the
twin peaks at A =80 and 90, at 130 and 138, and at 194 and 208.

the sun were first derived by Russell (Ru29) and the
most recent work is due to Goldberg, Aller, and Muller
(6057). Acc111'a'te relative lsotoplc Rbu11daIlces al'e
available from mass spectroscopic data, and powerful
use was made of these by Suess and Urey in compiling
their abundance table. This table, together with some
solar values given by Goldberg et ul. , forms the basic
data for this paper.
It seems probable that the elements all evolved from

hydrogen, since the proton is stable while the neutron
is not. Moreover, hydrogen is the most abundant
element, and helium, which is the immediate product of
hydrogen burning by the pp chain and the CN cycle,
is the next most abundant element. The packing-frac-
tion curve shows that the greatest stability is reached
at iron and nickel. However, it seems probable that iron
and nickel comprise less than 1% of the total mass of
the galaxy. It is clear that although nuclei are tending
to evolve to the con6gurations of greatest stability,
they are still a long way from reaching this situation.
It has been generally stated that the atomic abun-

dance curve has an exponential decline to A j.00 and
is approximately constant thereafter. Although this is
very roughly true it ignores many details which are
important clues to our understanding of element syn-
thesis. These details a,re shown schematically in Fig. I,j.
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It seems probable that the elements all evolved from

hydrogen, since the proton is stable while the neutron
is not. Moreover, hydrogen is the most abundant
element, and helium, which is the immediate product of
hydrogen burning by the pp chain and the CN cycle,
is the next most abundant element. The packing-frac-
tion curve shows that the greatest stability is reached
at iron and nickel. However, it seems probable that iron
and nickel comprise less than 1% of the total mass of
the galaxy. It is clear that although nuclei are tending
to evolve to the con6gurations of greatest stability,
they are still a long way from reaching this situation.
It has been generally stated that the atomic abun-

dance curve has an exponential decline to A j.00 and
is approximately constant thereafter. Although this is
very roughly true it ignores many details which are
important clues to our understanding of element syn-
thesis. These details a,re shown schematically in Fig. I,j.
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Next Big Discovery? Origin of Heavy Elements
Most heavy elements created via rapid-neutron capture process (r-process)

Theory input is crucial where no data exists

Actinides 
Lanthanides

r-process

Solar heavy elements 
= r-process (rapid  neutron capture) 
+ s-process (slow neutron capture)
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(Not so) Bold predictions: Five new direction in the next 5 years

Nucleosynthesis
Ab initio input for r-process

Dark Matter/v Scattering
Ab initio structure functions

CKM Unitarity (Vud)
Superallowed Fermi

Symmetry Violation
P/T-violating moments

Act II Preview: Future of Ab Initio Theory

2024

Antoine Belley Jose Munoz
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The Magic of Molecules: CP Violation
“One of the most compelling mysteries in all of science is how matter came to dominate over 
antimatter in the universe.” – NSAC LRP
CP violation required beyond our current observations
Searches for CP violation ongoing for 50+ yr

neutron/atoms - 199Hg EDM world leader

Effects enhanced in:
Heavy systems, Octupole deformed 

P-violation

An#ma&er

Ma&er

Known SM CP Violation (CKM)
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The Magic of Molecules: CP Violation
Worldwide race to exploit power of Radioactive Molecules
Generate internal fields orders of magnitude above lab possibilities

Enhancements in molecules vs atoms >4000!

Known SM CP Violation (CKM matrix)

12

Ra!

Ra!

F"

Why molecules?

12

Ra!

Ra!

F"

Why molecules?
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The Magic of Molecules: CP Violation
Worldwide race to exploit power of Radioactive Molecules
Generate internal fields orders of magnitude above lab possibilities

Enhancements in molecules vs atoms >4000!
Probe 1000TeV scale in our lifetimes

Known SM CP Violation (CKM matrix)

12

Ra!

Ra!

F"

Why molecules?

12

Ra!

Ra!

F"

Why molecules?
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The Magic of Molecules: CP Violation
Worldwide race to exploit power of Radioactive Molecules
Generate internal fields orders of magnitude above lab possibilities

Enhancements in molecules vs atoms >4000
Probe 1000TeV scale in our lifetimes

To date, no rigorous nuclear theory Calculations for Ra, Hg underway!!

12

Ra!

Ra!

F"

Why molecules?

12

Ra!

Ra!

F"

Why molecules?
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Nuclear structure P,T odd NN int

Experiment

Measurement

New physics

Ab-initio description of Schiff moments in 
heavy deformed nuclei?

Nmax = 10, hw = 10MeV
E3max = 28

Preliminary

1.8/2.0(EM)
Courtesy, G. Hagen
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The Magic of Molecules: Weak Structure of Nuclei
Hadronic P violation – probe the weak structure of the atomic nucleus!
W,Z exchange between nucleons generates anapole moment

Experimental tuning enhances >1011

Nuclear Anapole Moment

[Desplanques, Donoghue, Holstein et a. Ann. Phys. 124, 449495 (1980)]

Electroweak nuclear properties using molecules

8"

9#

31

• Characterization of 8#9"	;$  boson exchange (extraction 
of <%&,(  parameters of the weak interaction).

• Searches for new ;) bosons

• Understanding of the hadronic parity violation
• ∝ Z*

Nuclear Anapole Moment

[Desplanques, Donoghue, Holstein et a. Ann. Phys. 124, 449495 (1980)]

6

▪ Only one experimental value is known for 133Cs.

C. S. Wood et al., Science (80-. ). 275, 1759 (1997).

Anapole moment
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The Magic of Molecules: Weak Structure of Nuclei
Hadronic P violation – probe the weak structure of the atomic nucleus!
W,Z exchange between nucleons generates anapole moment

To date, no rigorous nuclear theory 133Cs underway!

Electroweak nuclear properties using molecules

8"

9#

31

• Characterization of 8#9"	;$  boson exchange (extraction 
of <%&,(  parameters of the weak interaction).

• Searches for new ;) bosons

• Understanding of the hadronic parity violation
• ∝ Z* Nuclear structure P-odd NN int

Experiment

Nuclear Anapole Moment

[Desplanques, Donoghue, Holstein et a. Ann. Phys. 124, 449495 (1980)]New P-violating
physics

32

Result

<latexit sha1_base64="SbQIRihmOleJAEw/Br198rjD/yE="></latexit>
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1

6

NX

n

h1/2�||a1||1/2+n ih1/2+n |VDDH|1/2�i
Eg.s. � En

+ c.c.

▪ Reproduction of the low-lying states is 
crucial. 

▪ Overestimation of the excitation energies in 
a first few state might be a reason of the 
disagreement. 

✦ Two-body level approximation in IMSRG 

✦ Limited valence space

NLSF = 40 
β = 3

*Lanczos strength function method is used

15N
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The Magic of Molecules: Weak Structure of Nuclei
Hadronic P violation – probe the weak structure of the atomic nucleus!
W,Z exchange between nucleons generates anapole moment

To date, no rigorous nuclear theory 133Cs underway!

Electroweak nuclear properties using molecules

8"

9#

31

• Characterization of 8#9"	;$  boson exchange (extraction 
of <%&,(  parameters of the weak interaction).

• Searches for new ;) bosons

• Understanding of the hadronic parity violation
• ∝ Z* Nuclear structure P-odd NN int

Experiment

Nuclear Anapole Moment

[Desplanques, Donoghue, Holstein et a. Ann. Phys. 124, 449495 (1980)]New P-violating
physics

32

Result
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+ c.c.

▪ Reproduction of the low-lying states is 
crucial. 

▪ Overestimation of the excitation energies in 
a first few state might be a reason of the 
disagreement. 

✦ Two-body level approximation in IMSRG 

✦ Limited valence space

NLSF = 40 
β = 3

*Lanczos strength function method is used

15N

See Talk of R. F. Garcia Ruiz
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Symmetry Violation

AI/Machine Learning

Just the beginning:
join our revolution!

jholt@triumf.ca

Atomic Systems

Anabelle Grimes   Michael Liudeng

Structure + Astrophysics

Gaurav Tenkila Hrishi Patel  Vijay Chand

Ragnar Stroberg Takayuki Miyagi  Lotta Jokiniemi Baishan Hu

Dark Matter/ν Scattering

0νββ Decay 

Kanting Motimele Maude Larivière

Sam Leutheusser Jose Padua    Mathieu Bruneault

Emily Love        Matt Martin

CKM Unitarity

Antoine Belley Isabella Ginnette

Jose Munoz   Jack Pitcher

(Former)
Postdoctoral
Fellows

Act II Preview: Future of Ab Initio Theory
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Symmetry Violation

AI/Machine Learning

Just the beginning:
join our revolution!

jholt@triumf.ca
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Act II Preview: Future of Ab Initio Theory
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Present and Future for Ab Initio Theory

Work in progress
Higher-order many-body physics: IMSRG(3)
Monte Carlo shell model diagonalization
Extension to superheavy nuclei

Nuclear Structure/Astrophysics
Development of forces and currents
Ab initio to 208Pb: neutron skin, r-process
Dripline predictions to medium-masses
Evolution of magic numbers:

masses, radii, spectra, EM transitions
Multi-shell theory: 

Islands of inversion, forbidden decays
Nuclear EOS/Neutron star properties
Atomic systems

Fundamental Symmetries/BSM Physics
EW operators: GT quenching, muon capture
0νββ decay matrix elements + DGT/ECEC/Dg
WIMP-Nucleus scattering for dark matter detection
Coherent elastic neutrino-nucleus scattering
Superallowed Fermi transitions
Symmetry-violating moments: EDM, anapole…

A. Schwenk J.M. Yao
H. Hergert

J. Menéndez

G. Hagen
T. Papenbrock

*T. Miyagi, B. S. Hu, L. Jokiniemi*
A. Belley, I. Ginnett, C. G. Payne,
A. Grimes, J. Pitcher, D. Araujo
M. Bruneault, J. Padua
S. Leutheusser
E. Love            
K. Evidence, D. Kush
G. Tenkila, H. Patel, V. Chand  
B. Wong, X. Cao

M. Martin
K. G. Leach

R. F. Garcia-Ruiz

J. Engel J. W. Holt
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Strategy III: Correlation with Structure Observables
Explore correlations with other observables from systematic analysis (34 interactions)
Few clear correlations, except DGT in 76Ge

Now clear correlation with measured 1S0 phase shift!

Belley et al., arXiV:2210.05809
Belley et al., in preparation

Next steps towards “final” ab initio NMEs + analysis

Finalize 100Mo results

Extract uncertainties on NMEs from MM-DGP sensitivity analysis (with CT)

Many-body uncertainties from other ab initio methods (when possible)

Uncertainty from closure approximation

Include sub-leading finite-momentum two-body currents

Calculations of (and correlation with ?) 2νββ decay

Explore exotic exchange mechanisms
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Two-Body Currents for Gamow-Teller 
Transitions and gA Quenching

LETTERS
https://doi.org/10.1038/s41567-019-0450-7

1TRIUMF, Vancouver, British Columbia, Canada. 2Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia, 
Canada. 3Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA. 4Department of Physics and Astronomy, University of Tennessee, 
Knoxville, TN, USA. 5National Center for Computational Sciences, Oak Ridge National Laboratory, Oak Ridge, TN, USA. 6Computational Sciences and 
Engineering Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA. 7Nuclear and Chemical Science Division, Lawrence Livermore National 
Laboratory, Livermore, CA, USA. 8Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt, Germany. 9ExtreMe Matter Institute EMMI, 
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany. 10Max-Planck-Institut für Kernphysik, Heidelberg, Germany. 11Physics 
Department, Reed College, Portland, OR, USA. 12Department of Physics, University of Washington, Seattle, WA, USA. *e-mail: hageng@ornl.gov

The dominant decay mode of atomic nuclei is beta decay 
(β-decay), a process that changes a neutron into a proton (and 
vice versa). This decay offers a window to physics beyond the 
standard model, and is at the heart of microphysical processes 
in stellar explosions and element synthesis in the Universe1–3. 
However, observed β-decay rates in nuclei have been found to 
be systematically smaller than for free neutrons: this 50-year-
old puzzle about the apparent quenching of the fundamental 
coupling constant by a factor of about 0.75 (ref. 4) is without a 
first-principles theoretical explanation. Here, we demonstrate 
that this quenching arises to a large extent from the coupling 
of the weak force to two nucleons as well as from strong corre-
lations in the nucleus. We present state-of-the-art computa-
tions of β-decays from light- and medium-mass nuclei to 100Sn 
by combining effective field theories of the strong and weak 
forces5 with powerful quantum many-body techniques6–8. Our 
results are consistent with experimental data and have impli-
cations for heavy element synthesis in neutron star mergers9–11 
and predictions for the neutrino-less double-β-decay3, where 
an analogous quenching puzzle is a source of uncertainty in 
extracting the neutrino mass scale12.

Gamow–Teller transitions are a form of β-decay in which the 
spins of the β-neutrino pair emitted during the nuclear decay are 
aligned. Remarkably, calculated Gamow–Teller strengths appear 
to reproduce most of the experimental data if the fundamental 
constant gA ≈ 1.27 characterizing the coupling of the weak inter-
action to a nucleon is quenched by a factor of q ≈ 0.75 (refs. 13–16). 
Missing nuclear correlations (that is, a lack of complexity in nuclear 
wavefunctions due to the limitations of nuclear models) as well as 
neglected contributions from meson-exchange currents (that is, 
coupling of the weak force to two nucleons) have been proposed as 
possible causes of the quenching phenomenon4. However, a solution 
has so far remained elusive. To address the quenching puzzle, we 
carry out a comprehensive study of Gamow–Teller decays through 
many-body computations of nuclei based on effective field theo-
ries (EFTs) of quantum chromodynamics5,17, including an unprec-
edented amount of correlations in the nuclear wavefunctions. The 
EFT approach offers the prospect of accuracy, by encoding the 
excluded high-energy physics through coefficients adjusted to the 

data, and precision, from the systematically improvable EFT expan-
sion. Moreover, EFT enables a consistent description of the cou-
pling of weak interactions to two nucleons via two-body currents 
(2BCs). In the EFT approach, 2BCs enter as subleading corrections 
to the one-body standard Gamow–Teller operator στ+ (with Pauli 
spin and isospin matrices σ and τ, respectively); they are smaller but 
significant corrections to weak transitions as three-nucleon forces 
are smaller but significant corrections to the nuclear interaction5,17.

In this work we focus on strong Gamow–Teller transitions, 
where the effects of quenching should dominate over cancellations 
due to fine details (as occur in the famous case of the 14C decay 
used for radiocarbon dating18,19). An excellent example is the super-
allowed β-decay of the doubly magic 100Sn nucleus (Fig. 1), which 
exhibits the strongest Gamow–Teller strength so far measured in all 
atomic nuclei20. A first-principles description of this exotic decay, 
in such a heavy nucleus, presents a significant computational chal-
lenge. However, its equal ‘magic’ numbers (Z = N = 50) of protons 
and neutrons arranged into complete shells makes 100Sn an ideal 
candidate for large-scale coupled-cluster calculations21, while the 
daughter nucleus 100In can be reached via novel extensions of the 
high-order charge-exchange coupled-cluster methods developed 
in this work (see Methods and Supplementary Figs. 4, 12 and 15 
for details). This method includes correlations via a vast number of 
particle–hole excitations of a reference state and also employs 2BCs 
in the transition operator.

Figure 1 shows our results for the strength (that is, the abso-
lute square of the transition matrix element, MGT) of the Gamow–
Teller transition to the dominant Jπ = 1+ state in the 100In daughter 
nucleus (see Supplementary Table 1 and Supplementary Fig. 12 for 
more details). To investigate systematic trends and sensitivities to 
the nuclear Hamiltonian, we employed a family of established EFT 
interactions and corresponding currents22–24. For increased preci-
sion, we also developed a new interaction labelled NN-N4LO + 3Nlnl 
which is constrained to reproduce the triton half-life (see Methods 
for details on the Hamiltonians considered). The open symbols in 
Fig. 1 depict the decay with the standard, leading-order coupling of 
the weak force to a single nucleon in the non-relativistic limit (that 
is, via the standard Gamow–Teller operator στ+). The differences 
with respect to the extreme single-particle model (ESPM), which 

Discrepancy between experimental and 
theoretical β-decay rates resolved from  
first principles
P. Gysbers1,2, G. Hagen" "3,4*, J. D. Holt" "1, G. R. Jansen" "3,5, T. D. Morris3,4,6, P. Navrátil" "1, T. Papenbrock" "3,4,  
S. Quaglioni" "7, A. Schwenk8,9,10, S. R. Stroberg1,11,12 and K. A. Wendt7

NATURE PHYSICS | VOL 15 | MAY 2019 | 428–431 | www.nature.com/naturephysics428
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Beta-Decay “Puzzle”: Quenching of gA

Long-standing problem in weak decays: experimental values systematically smaller than theory

Using                                 agrees with datage↵A ⇡ 0.77⇥ gfreeA

OGT = O
1b
�⌧ +O

2b
2BC
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• Missing wavefunction correlations
• Renormalized VS operator?
• Neglected two-body currents?
• Model-space truncations?

Explore in ab initio framework

Brown, Wildenthal (1985)

Large MGT
in sd-shell

MGT = gA hf |OGT|ii
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Hadronic weak currents in chiral EFT

At lowest orders Q0, Q2 1b currents only
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Large-Scale Efforts for Ab Initio GT Transitions
Calculate large GT matrix elements

- Light, medium, and heavy regions
- Benchmark different ab initio methods
- Range of NN+3N forces
- Consistent inclusion of 2BC

OGT = O
1b
�⌧ +O

2b
2BC
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MGT = gA hf |OGT|ii
<latexit sha1_base64="W/uMQbJzio4V+MTrMOUP+QyahQc="></latexit><latexit sha1_base64="W/uMQbJzio4V+MTrMOUP+QyahQc="></latexit><latexit sha1_base64="W/uMQbJzio4V+MTrMOUP+QyahQc="></latexit>

425

news & views

NATURE PHYSICS | VOL 15 | MAY 2019 | 423–426 | www.nature.com/naturephysics

topology and spin–orbit interactions may 
soon be discovered in Co3Sn2S2. Yet, one 
can also anticipate that further extension 
of the family of kagome magnets will 
continue, with new compounds bringing 
even more surprises originating from  
the peculiar band structure and  
frustration effects.
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NUCLEAR PHYSICS

Beta decay gets the ab initio treatment
One of the fundamental radioactive decay modes of nuclei is β decay. Now, nuclear theorists have used first-principles 
simulations to explain nuclear β decay properties across a range of light- to medium-mass isotopes, up to 100Sn.

Arnau Rios

The theoretical modelling of nuclei 
and their different decay modes is a 
challenging field. Take β decay, for 

example, which affects the vast majority 
of radioactive isotopes. For years, the 
most accurate theoretical calculations 
of nuclear structure, which agreed with 
experiments on masses and shell structure, 
predicted β-decay half-lives that were not in 
agreement with experiments. Practitioners 
had to introduce a correction factor, a 
‘quench’ of their calculations by about 25% 
to reproduce experimental values. The 
origin of this ‘quenching puzzle’ remained 
elusive for decades. Now, writing in Nature 
Physics, Peter Gysbers and colleagues have 
provided a solution to the puzzle based on 
first-principles simulations1.

In the past decade, the so-called  
ab initio revolution has changed the way 
that nuclear theory and, more generally, 
nuclear physics operates on a daily basis. 
New nuclear interactions, effectively 
derived from the theory of quantum 
chromodynamics, and advances in 
computational resources have allowed for a 
truly first-principles description of nuclear 
structure2. Compared with the more 
traditional phenomenological or density 
functional calculations, microscopic  
ab initio simulations allow for a consistent 
treatment of systematic errors and offer a 
significantly different level of predictive 
power as they have virtually no parameters 
and are directly informed by the 
underlying theory of the strong force.

Most early ab initio calculations were 
used to study nuclear masses. Over time, 
however, the reach of these calculations 
was extended substantially from closed- to 
open-shell isotopes3 and from masses to 
nuclear radii4, electromagnetic observables5 

and even nuclear reactions6. At present, the 
most stringent limitation of these methods 
is computational power, which limits 
the number of particles in simulations. 
Currently, ab initio calculations can be used 

to predict properties of isotopes up to mass 
number A ≈ 100.

The study of radioactive decays was 
conspicuously missing in the recent wave 
of ab initio predictions. The most common 
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topology and spin–orbit interactions may 
soon be discovered in Co3Sn2S2. Yet, one 
can also anticipate that further extension 
of the family of kagome magnets will 
continue, with new compounds bringing 
even more surprises originating from  
the peculiar band structure and  
frustration effects.
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Beta decay gets the ab initio treatment
One of the fundamental radioactive decay modes of nuclei is β decay. Now, nuclear theorists have used first-principles 
simulations to explain nuclear β decay properties across a range of light- to medium-mass isotopes, up to 100Sn.

Arnau Rios

The theoretical modelling of nuclei 
and their different decay modes is a 
challenging field. Take β decay, for 

example, which affects the vast majority 
of radioactive isotopes. For years, the 
most accurate theoretical calculations 
of nuclear structure, which agreed with 
experiments on masses and shell structure, 
predicted β-decay half-lives that were not in 
agreement with experiments. Practitioners 
had to introduce a correction factor, a 
‘quench’ of their calculations by about 25% 
to reproduce experimental values. The 
origin of this ‘quenching puzzle’ remained 
elusive for decades. Now, writing in Nature 
Physics, Peter Gysbers and colleagues have 
provided a solution to the puzzle based on 
first-principles simulations1.

In the past decade, the so-called  
ab initio revolution has changed the way 
that nuclear theory and, more generally, 
nuclear physics operates on a daily basis. 
New nuclear interactions, effectively 
derived from the theory of quantum 
chromodynamics, and advances in 
computational resources have allowed for a 
truly first-principles description of nuclear 
structure2. Compared with the more 
traditional phenomenological or density 
functional calculations, microscopic  
ab initio simulations allow for a consistent 
treatment of systematic errors and offer a 
significantly different level of predictive 
power as they have virtually no parameters 
and are directly informed by the 
underlying theory of the strong force.

Most early ab initio calculations were 
used to study nuclear masses. Over time, 
however, the reach of these calculations 
was extended substantially from closed- to 
open-shell isotopes3 and from masses to 
nuclear radii4, electromagnetic observables5 

and even nuclear reactions6. At present, the 
most stringent limitation of these methods 
is computational power, which limits 
the number of particles in simulations. 
Currently, ab initio calculations can be used 

to predict properties of isotopes up to mass 
number A ≈ 100.

The study of radioactive decays was 
conspicuously missing in the recent wave 
of ab initio predictions. The most common 
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GT Transitions in Light Nuclei + 100Sn
NCSM in light nuclei, CC calculations of GT transition in 100Sn from different forces

Large quenching from correlations in 100Sn
Addition of 2BC further quenches; reduces spread in results
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Complete GT Picture: Light to 100Sn
Ab initio calculations throughout sd and pf shells

Ab initio calculations across the chart explain data with unquenched gA

Including p-shell: q=0.99(21)

Stroberg (2021)
gA = 1.25
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Valence-Space IMSRG

Step 1: Decouple core

Can we achieve accuracy
of large-space methods?
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Tsukiyama, Bogner, Schwenk, PRC 2012
Morris, Parzuchowski, Bogner, PRC 2015

Explicitly construct unitary transformation from sequence of rotations

All operators truncated at two-body level IMSRG(2)
IMSRG(3) in progress
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Valence-Space IMSRG

Step 1: Decouple core
Step 2: Decouple valence space

Can we achieve accuracy
of large-space methods?
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Tsukiyama, Bogner, Schwenk, PRC 2012
Morris, Parzuchowski, Bogner, PRC 2015

Microscopic/E↵ective approach

E↵ective Interaction

Goal: Find a unitary transformation U

such that

H̃ = UHU
†

hP |H̃|Qi = hQ|H̃|P i = 0

h ̃i|P̂ H̃P̂ | ̃ii = h i|H| ii

Ragnar Stroberg (TRIUMF) Valence space IM-SRG May 26, 2016 6 / 30

Explicitly construct unitary transformation from sequence of rotations

All operators truncated at two-body level IMSRG(2)
IMSRG(3) in progress
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Valence-Space IMSRG

Step 1: Decouple core
Step 2: Decouple valence space
Step 3: Decouple additional operators

Careful benchmarking essential   
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Explicitly construct unitary transformation from sequence of rotations
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Strategy II: “Uncertainties” from Input Forces
“Uncertainty” bands from input NN+3N forces with 5 chiral Hamiltonians
VS-IMSRG: clear convergence for 48Ca, 76Ge, 82Se
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Strategy II: “Uncertainties” from Many-Body Methods
Calculations in 48Ca from IM-GCM and CC theory using same interactions
Key development: treatment of deformation in CC and IMSRG 

Variation with BE2 and Summary of Results
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The green band is our best (preliminary) guess for the matrix element.
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The Year(s) We Lost Hope: Leading-Order Contact
Proper renormalization requires short-range contact term at leading order

New paradigm for 0νββ decay: include long- and short-range terms

Cirigliano et al. PRL (2018)

New physics inside blob:
High-energy ν exchange
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The Year We Regained Hope: Coupling Constant Fit
Match nn → pp+ee amplitude from approximate QCD methods: estimate contact term to 30%

Increase of 40% (76Ge) to 60% (130Te/136Xe)

PRELIMINARY

1.8/2.0 (EM)

H. Hergert - “Progress in Ab Initio Nuclear Theory”, TRIUMF, Vancouver, March 1, 2023

Counterterm in  Operator0νββ

• Cirigliano et al.: RG 
invariance of the DBD 
transition operator 
requires contact term


• Counter term yields 
robust enhancement 


• varied EFT orders, RG 
scales, interactions


• Next: 

• more interactions


• inclusion of currents


• LEC sensitivity / UQ

R. Wirth, J. M. Yao, H. Hergert, PRL 127, 242502 (2021)
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Towards Ab Initio Calculation of 100Mo
Final competitive candidate in worldwide searches: AMoRE, NEMO 3, CUORE…
Highly mid-shell, difficult for SM - access with p-h truncations in KSHELL

Final results with multiple NN+3N forces coming soon!

Belley et al, in prep
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Strategy III: Correlation with Structure Observables
Explore correlations with other observables from systematic analysis (34 interactions)
Few clear correlations, except DGT

Similar picture in 136Xe…  BUT no correlation with 2+
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Strategy IIIb: Sensitivity Analysis
Explore dependence on chiral EFT LECs: requires many samples (as in 208Pb)
Use gaussian processes as an emulator
Multi-Fidelity Gaussian Process: connects few (complicated) high-fidelity data points (eg, full 
IMSRG) w/ many low-fidelity data points (HF, low emax, etc)
Difference function fit with Gaussian process: predict HF from LF
When relation between LF and HF is complicated, MFGP fails
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Using Gaussian Process as an emulator 

• Multi-output Multi-Fidelity Gaussian Process 
(MMGP) can be used to probe LEC space.

• Multi-Tasks Gaussian Process: Uses multiple 
correlated outputs from same inputs by defining the 
kernel as . This allows us to 
increase the number of data points without needing 
to do more expansive calculations.

• Multi-Fidelity Gaussian Process: Uses few data 
points of high fidelity (full IMSRG calculations) and 
many data points of low fidelity (e.g. Hartree-Fock 
results, lower emax). The difference function is fitted 
by a Gaussian process in order to predict the value 
of full calculations using the low fidelity data points.

kinputs ⊗ koutputs

[1] Q. Lin, J. Hu, Q. Zhou, Y. Cheng, Z. Hu, I. Couckuyt, and T. Dhaene, Knowledge-Based Systems 227, 107151 (2021).


Taken from [1].
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Strategy IIIb: Sensitivity Analysis
Explore dependence on chiral EFT LECs: requires many samples (as in 208Pb)
Use gaussian processes as an emulator
Multi-Fidelity Gaussian Process: connects few (complicated) high-fidelity data points (eg, full 
IMSRG) w/ many low-fidelity data points (HF, low emax, etc)
Difference function fit with Gaussian process: predict HF from LF
Deep Gaussian Process: Neural network links multiple GP

Include outputs of previous fidelity as new HF point:
Improves modeling of difference between LF and HF

Adapted for multi output: 
Multi-Output Multi-Fidelity Deep Gaussian Process (MM-DGP)
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The MM-DGP algorithm

• When the relation between low-fidelity and high-
fidelity data is complicated, the simple multi-
fidelity approach does not produce good results.

• Deep gaussian process [1] link multiple gaussian 
processes inside a neural network to improve 
results.

• This can be used to model the difference 
function between the low-fidelity and high-fidelity 
by including outputs of the previous fidelity as an 
input of higher fidelity.

• This was developed for single-output gaussian 
processes and we have adapted it for multi-
output case, creating the MM-DGP: Multi-output 
Multi-fidelity Deep Gaussian Process.

• Even if we use the same number of low- and 
high-fidelity data, using multiple-fidelities still 
improves the fit!

[1] Kurt Cutajar, Mark Pullin, Andreas Damianou, Neil Lawrence, Javier González arXiv:1903.07320  (2021).


Taken from [1].
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Belley Pitcher et al., in preparation
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MM-DGP Emulator: Ground-State Energies
Testing MM-DGP: use delta-full chiral EFT at N2LO
Improved energy predictions with high-fidelity training points
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Using -full chiral EFT interactions at N2LO:Δ

The MM-DGP algorithm: Energies

Low-Fidelity High-Fidelity
24

Belley, Pitcher et al. in prep.

76Ge 76Ge
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Testing MM-DGP: use delta-full chiral EFT at N2LO
Improved energy predictions with high-fidelity training points
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The MM-DGP algorithm: 0νββ NMEs
Using -full chiral EFT interactions at N2LO:Δ

Low-Fidelity High-Fidelity
25

Belley, Pitcher et al. in prep.

76Ge 76Ge

MM-DGP Emulator: 0νββ-Decay 


