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The Next Big Discovery? 0νββ-decay
Neutrino own antiparticle            0νββ decay

Tremendous impact on BSM physics:
Lepton-number violating process
Majorana character of neutrino
Absolute neutrino mass scale

NME not observable: must be calculated
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Nature of Neutrino: 0νββ Decay
Next-generation searches push towards IH

Spread from Nuclear Matrix Element; bands do not represent rigorous uncertainties

Essential ingredient:
Nuclear matrix element
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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
Impossible to assign rigorous uncertainties
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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 "gure 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  "gure  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 "nally 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 "nd 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 modi"cation 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-
"guration 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 "gure 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  "gure  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 "nally 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 "nd 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 modi"cation 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-
"guration 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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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 "gure 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  "gure  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 "nally 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 "nd 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 modi"cation 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-
"guration 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 "gure 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  "gure  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 "nally 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 "nd 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 modi"cation 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-
"guration 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

All calculations to date from extrapolated phenomenological models; large spread in results

Rethink approach to NME calculations…
Next-generation NMEs needed for next-generation searches!
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Dark Matter Direct Detection
Large-scale direct-detection searches underway worldwide

Direct detection:
Leading candidates: neutralinos, …?
Couple to scalar and axial-vector currents in atomic nuclei

CDMS

Observation of nuclear recoilX SM ! X SM

Wikipedia Commons
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Dark Matter Direct Detection
Exclusion plots for WIMP-nucleon total cross section require nuclear structure

Differential cross section: compare results from different target nuclei

Structure functions required from nuclear theory
d�

dp2
=

8G2
F

(2Ji + 1)v2
SA(p)
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Obligatory Super Technical Theory Slide
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

H n = En n
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Obligatory Super Technical Theory Slide
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

H n = En n

He↵ , Oe↵

VS-IMSRG

shell
model

Selected Results

• Predicting the driplines

• Quenching in Gamow-Teller � decay

• Ab initio calculations of 208Pb

• Matrix elements for 0⌫�� decay

Ragnar Stroberg July 10, 2020 16 / 30

Courtesy, S. R. Stroberg
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Obligatory Super Technical Theory Slide
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

H n = En n
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• Quenching in Gamow-Teller � decay
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D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2018-09-13

Obligatory Super Technical Theory Slide
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

H n = En n

He↵ , Oe↵

VS-IMSRG

shell
model

Selected Results

• Predicting the driplines

• Quenching in Gamow-Teller � decay

• Ab initio calculations of 208Pb

• Matrix elements for 0⌫�� decay
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Courtesy, S. R. Stroberg
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Obligatory Super Technical Theory Slide
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

H n = En n

He↵ , Oe↵

VS-IMSRG

shell
model

Selected Results

• Predicting the driplines

• Quenching in Gamow-Teller � decay

• Ab initio calculations of 208Pb

• Matrix elements for 0⌫�� decay

Ragnar Stroberg July 10, 2020 16 / 30

Courtesy, S. R. Stroberg

IM-GCM
CC Theory

SCGF
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Chronological Reach of Ab Initio Theory
Moore’s law: exponential growth in computing power                       

Methods for light nuclei (QMC, NCSM) scale exponentially with mass
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Chronological Reach of Ab Initio Theory
Moore’s law: exponential growth in computing power                       

Methods for light nuclei (QMC, NCSM) scale exponentially with mass

Polynomial scaling methods developed (CC, VS-IMSRG, SCGF)
Explosion in limits of ab initio theory
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Chronological Reach of Ab Initio Theory
Moore’s law: exponential growth in computing power                       

Methods for light nuclei (QMC, NCSM) scale exponentially with mass

Polynomial scaling methods developed (CC, VS-IMSRG, SCGF)
Explosion in limits of ab initio theory

2021: A>(>)100
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Recent Breadth of Ab Initio Theory
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

- Nuclear forces, electroweak physics
- Nuclear many-body problem

H n = En n

10-15 years ago
8-10 years ago
3-5 years ago
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Obligatory Super Technical Theory Slide
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

H n = En n

He↵ , Oe↵

VS-IMSRG

shell
model

Selected Results

• Predicting the driplines

• Quenching in Gamow-Teller � decay

• Ab initio calculations of 208Pb

• Matrix elements for 0⌫�� decay

Ragnar Stroberg July 10, 2020 16 / 30

That’s all the theory for today…
you’re welcome! 

Extends ab initio to all nuclei accessible to traditional shell model

Courtesy, S. R. Stroberg
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Today: Global Ab Initio Calculations

pf

sd
0νββ-decay candidates

open-shell, medium/heavy-mass, deformed
48Ca, 76Ge, 82Se, 130Te, 136Xe within reach 

sdg

Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

- Nuclear forces, electroweak physics
- Nuclear many-body problem

H n = En n

Extends range to all nuclei/global scale: N, Z≈50
Limitations: SM diagonalization, 3N element storage

10-15 years ago
8-10 years ago
3-5 years ago
Today
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VS-IMSRG for Atomic Nuclei
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

H n = En n

Major Nuclear Structure Questions/Developments Underway

1) How do basic properties of nuclei emerge from fundamental interactions?

2) What are the limits of existence of matter?

3) How do magic numbers evolve?

4) Accessing the heaviest nuclei and r-process region

5) Incorporate coupling to continuum for unbound systems

6) Cross-shell physics for Islands of Inversion

7) Constraining properties relevant to neutron star physics

He↵ , Oe↵
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shell
model

Selected Results

• Predicting the driplines

• Quenching in Gamow-Teller � decay

• Ab initio calculations of 208Pb

• Matrix elements for 0⌫�� decay
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BSM Physics and Other Applications

1) Radii + electroweak transitions and moments

2) Neutrinoless double beta decay

3) WIMP-Nucleus scattering, neutrino scattering

4) Superallowed Fermi transitions

5) Symmetry-violating moments (EDM, anapole)

6) Atomic systems
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Dripline Predictions to Fe Isotopes
First predictions of proton and neutron driplines from first principles

From few body data only:

Known drip lines largely predicted within uncertainties (artifacts at shell closures)
Provide ab initio predictions for neutron-rich region

P1n =
1p

2⇡�1n

Z 1

0
exp

(x� Sth.corr
n )2

2�2
1n

dx
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Pbound = (P1nP2n + ⇠1n,2n)(P1pP2p + ⇠1p,2p)
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Nuclei in BSM Physics Searches

Problem: typical candidates in BSM searches
open-shell, medium/heavy-mass, deformed

Limitations: SM diagonalization, 3N element storage

Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

- Nuclear forces, electroweak physics
- Nuclear many-body problem

8-10 years ago
3-5 years ago

10-15 years ago

Today (ok, yesterday)
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Improvements in (clever) storage of 3N MEs greatly expands reach of ab initio theory
Previous limit: 

Ab Initio Calculations of Heavy Nuclei

T. Miyagi et al., arXiv:2104.04688
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e1 + e2 + e3  E3max = 18
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Improvements in (clever) storage of 3N MEs greatly expands reach of ab initio theory
Previous limit: E3max=18 not converged

First converged ground-state properties of 132Sn 

Opens path to heavy nuclei

Convergence in Heavy Nuclei: 132Sn

T. Miyagi et al., arXiv:2104.04688

Hu, Miyagi, Stroberg...
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Improvements in (clever) storage of 3N MEs greatly expands reach of ab initio theory
Previous limit: E3max=18 not converged

First converged ground-state properties of 132Sn 

Opens path to heavy nuclei!

Convergence in Heavy Nuclei: 208Pb

T. Miyagi et al., arXiv:2104.04688
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Towards Neutrinoless Double Beta Decay
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

- Nuclear forces, electroweak physics
- Nuclear many-body problem

8-10 years ago
3-5 years ago
Today!

10-15 years ago

All major targets now within reach!
- 76Ge, 130Te, 136Xe

How do we strategically calculate?
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BSM Physics and Other Applications

1) Radii + electroweak transitions and moments

2) Neutrinoless double beta decay

3) WIMP-Nucleus scattering, neutrino scattering

4) Superallowed Fermi transitions

5) Symmetry-violating moments (EDM, anapole)

6) Atomic systems
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Laser Spectroscopy: Charge Radii Across Chains
Study odd-even staggering of charge radii across Cu isotopic chain

Cu isotopes, odd-even staggering well reproduced
Ab initio competitive with DFT (fit to reproduce odd-even staggering)

⌦
R2

↵
=

D
�0 | R̃2 | �0

E
+
D
�SM | R̃2 | �SM

E

de Groote et al., Nature Phys. (2020) 

⌦
R2

↵
=

D
�0 | R̃2 | �0

E
+
D
�SM | R̃2 | �SM

E
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Laser Spectroscopy: Charge Radii Across Chains
Study charge radii systematics across Ni isotopic chain

Multiple ab-initio methods generally agree within uncertainties
Ab initio (again) competitive with DFT

⌦
R2

↵
=

D
�0 | R̃2 | �0

E
+
D
�SM | R̃2 | �SM

E

Malbrunot-Ettenauer et al., submitted
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EM Moments in Heavy Nuclei: In
Improvements in storage of 3N matrix elements greatly expands reach of ab initio theory!
Calculate radii, moments of entire In chain – focus on odd-even

Reproduces trends of new measurements

Neglected physics: two-body meson-exchange currents
Vernon et al., submitted
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BSM Physics and Other Applications

1) Radii + electroweak transitions and moments

2) Neutrinoless double beta decay

3) WIMP-Nucleus scattering, neutrino scattering

4) Superallowed Fermi transitions

5) Symmetry-violating moments (EDM, anapole)

6) Atomic systems
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Strategy I: Study Simpler, Relevant Cases
Long-standing puzzle1 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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• Should gA be quenched in medium?
• 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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1 papers from the 1970’s
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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
- Wide range of NN+3N forces
- Consistent inclusion of 2BC

OGT = O
1b
�⌧ +O

2b
2BC

<latexit sha1_base64="bMOK67GyGxmW99xl+RI/Bqg8Qns="></latexit><latexit sha1_base64="bMOK67GyGxmW99xl+RI/Bqg8Qns="></latexit><latexit sha1_base64="bMOK67GyGxmW99xl+RI/Bqg8Qns="></latexit><latexit sha1_base64="bMOK67GyGxmW99xl+RI/Bqg8Qns="></latexit>

MGT = gA hf |OGT|ii
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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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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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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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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
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Solution to gA-Quenching Problem
Comparison to standard phenomenological shell model 
Ab initio calculations across the chart explain data with unquenched gA

Refine results with improvements in forces and many-body methods

Gysbers et al., Nature Phys. (2019)
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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 
standard Gamow–Teller στ operator (open orange squares), and using the 
VS-IMSRG approach with the NN-N4LO!+!3Nlnl interaction and consistently 
evolved Gamow–Teller operator plus 2BCs (filled green diamonds). The 
linear fits show the resulting quenching factor q given in the panels, and 
shaded bands indicate one standard deviation from the average quenching 
factor. Experimental uncertainties, taken from ref. 30, are shown as vertical 
error bars.
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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.
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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/
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shell (a) and lower pf-shell (b). Theoretical results were obtained using 
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standard Gamow–Teller στ operator (open orange squares), and using the 
VS-IMSRG approach with the NN-N4LO!+!3Nlnl interaction and consistently 
evolved Gamow–Teller operator plus 2BCs (filled green diamonds). The 
linear fits show the resulting quenching factor q given in the panels, and 
shaded bands indicate one standard deviation from the average quenching 
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Ab Initio 2νββ Decay: 48Ca
Consistent many-body wfs/operators from chiral NN+3N forces (with 2b currents)

VS-IMSRG: decrease in final matrix element
Potential issues: limited 1+ states, missing IMSRG(3)... Benchmarks with CC underway

Belley et al., in prep
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Strategy II: Benchmark NMEs in Light Nuclei
Benchmark with quasi-exact NCSM, IT-NCSM, IM-GCM, and CC in light systems: A=6-22

Reasonable to good agreement in all cases!
Pursue true double-beta decay nuclei
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Strategy III: Final Predictions 48Ca
Ab initio: consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents)
Small uncertainty from NO reference indicated; well converged in emax, E3max
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Strategy III: Final Predictions 76Ge
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Key nucleus in worldwide searches
NME smaller than all previous calculations…

Belley et al., PRL (2021)
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Strategy III: Final Predictions 82Se

Belley et al., PRL (2021)
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Ab initio: consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents)
Small uncertainty from NO reference indicated; well converged in emax, E3max
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Ab Initio 0νββ Decay: Multiple Interactions
Study uncertainty from input NN+3N forces with 5 chiral Hamiltonians
Convergence in virtually all cases: globally smaller than phenomenology, much less spread
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Ab Initio 0νββ Decay: Multiple Interactions
Study uncertainty from input NN+3N forces with 5 chiral Hamiltonians
Convergence in virtually all cases: globally smaller than phenomenology, much less spread
In agreement with other ab initio approaches in 48Ca, 76Ge (preliminary) 

All ab initio calculations agree within uncertainties!
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Strategy III: Final Predictions (with uncertainties!)
Converged predictions for all major players in global searches: 76Ge, 130Te, 136Xe 
Significant differences from nuclear model/phenomenological calculations
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Strategy III: Final Predictions (with uncertainties!)
Converged predictions for all major players in global searches: 76Ge, 130Te, 136Xe 
Significant differences from nuclear model/phenomenological calculations
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Moving Towards Final NMEs

1) Additional NN+3N interactions for Te, Xe: ab initio bands for all SM cases

2) Include missing short-range contact term!

3) Benchmark 2νββ decay with coupled-cluster with 2BCs

4) Correlations with other operators: e.g., DGT

5) Large-scale ab initio uncertainty analysis with other methods for ‘final’ NMEs
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Strategy III: Final Predictions (with uncertainties!)
Converged predictions for all major players in global searches: 76Ge, 130Te, 136Xe 
Significant differences from nuclear model/phenomenological calculations
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Moving Towards Final NMEs

1) Additional NN+3N interactions for Te, Xe: ab initio bands for all SM cases

2) Include missing short-range contact term!

3) Benchmark 2νββ decay with coupled-cluster with 2BCs

4) Correlations with other operators: e.g., DGT

5) Large-scale ab initio uncertainty analysis with other methods for ‘final’ NMEs
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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: must include long- and short-range terms

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

M0⌫ = MGT +
MF

g2A
+MT ! ML +MS = MGT +

MF

g2A
+MT +Mc.t.

Cirigliano et al. PRL (2018)

New physics inside blob:
High-energy ν exchange
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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: must include long- and short-range terms

Huge problem: unclear how to fix undetermined coupling constant

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

M0⌫ = MGT +
MF

g2A
+MT ! ML +MS = MGT +

MF

g2A
+MT +Mc.t.

<latexit sha1_base64="I2zYwHGqMa5kMzlvVWlXAiwuz8c=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakVJeFblxWsA9oh5JJM21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z4cPxZcG8f5RoWt7Z3dveJ+6eDw6PikfHrW0VGiKGvTSESq5xPNBJesbbgRrBcrRkJfsK4/bWZ+d8aU5pF8NPOYeSEZSx5wSoyVvEFIzIQSkTYXQ3dYrjhVZwm8SdycVCBHa1j+GowimoRMGiqI1n3XiY2XEmU4FWxRGiSaxYROyZj1LZUkZNpLl6EX+MoqIxxEyj5p8FL9vZGSUOt56NvJLKRe9zLxP6+fmODOS7mME8MkXR0KEoFNhLMG8IgrRo2YW0Ko4jYrphOiCDW2p5ItwV3/8ibp3FTderX2UKs06nkdRbiAS7gGF26hAffQgjZQeIJneIU3NEMv6B19rEYLKN85hz9Anz+gLJH6</latexit>
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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
Cirigliano et al. propose new method to estimate the size of the contact term
First ab initio calculations with short-range term from IM-GCM, VS-IMSRG

Overall increase of 40% in 76Ge to 60% in 82Se!
130Te, 136Xe waiting in computing queue… results in days

New physics inside blob:
High-energy ν exchange

Belley, Yao, et al., in prep

Yao et al., arXiv:2105.05415

PRELIMINARY

: Cirigliano et al. PRL (2021)1.8/2.0 (EM)
<latexit sha1_base64="I2zYwHGqMa5kMzlvVWlXAiwuz8c=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakVJeFblxWsA9oh5JJM21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z4cPxZcG8f5RoWt7Z3dveJ+6eDw6PikfHrW0VGiKGvTSESq5xPNBJesbbgRrBcrRkJfsK4/bWZ+d8aU5pF8NPOYeSEZSx5wSoyVvEFIzIQSkTYXQ3dYrjhVZwm8SdycVCBHa1j+GowimoRMGiqI1n3XiY2XEmU4FWxRGiSaxYROyZj1LZUkZNpLl6EX+MoqIxxEyj5p8FL9vZGSUOt56NvJLKRe9zLxP6+fmODOS7mME8MkXR0KEoFNhLMG8IgrRo2YW0Ko4jYrphOiCDW2p5ItwV3/8ibp3FTderX2UKs06nkdRbiAS7gGF26hAffQgjZQeIJneIU3NEMv6B19rEYLKN85hz9Anz+gLJH6</latexit>
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The Year We Regained Hope: Coupling Constant Fit
Cirigliano et al. propose new method to estimate the size of the contact term
First ab initio calculations with short-range term from IM-GCM, VS-IMSRG

Overall increase of 40% in 76Ge to 60% in 82Se!
130Te, 136Xe waiting in computing queue… results in days

1.8/2.0 (EM)

Belley, Yao, et al., in prep

Yao et al., arXiv:2105.05415

: Cirigliano et al. PRL (2021)
<latexit sha1_base64="I2zYwHGqMa5kMzlvVWlXAiwuz8c=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakVJeFblxWsA9oh5JJM21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z4cPxZcG8f5RoWt7Z3dveJ+6eDw6PikfHrW0VGiKGvTSESq5xPNBJesbbgRrBcrRkJfsK4/bWZ+d8aU5pF8NPOYeSEZSx5wSoyVvEFIzIQSkTYXQ3dYrjhVZwm8SdycVCBHa1j+GowimoRMGiqI1n3XiY2XEmU4FWxRGiSaxYROyZj1LZUkZNpLl6EX+MoqIxxEyj5p8FL9vZGSUOt56NvJLKRe9zLxP6+fmODOS7mME8MkXR0KEoFNhLMG8IgrRo2YW0Ko4jYrphOiCDW2p5ItwV3/8ibp3FTderX2UKs06nkdRbiAS7gGF26hAffQgjZQeIJneIU3NEMv6B19rEYLKN85hz9Anz+gLJH6</latexit>
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The Year We Regained Hope: Coupling Constant Fit
Cirigliano et al. propose new method to estimate the size of the contact term
First ab initio calculations with short-range term from IM-GCM, VS-IMSRG

Overall increase of 40% in 76Ge to 60% in 82Se!
130Te, 136Xe waiting in computing queue… results in days

1.8/2.0 (EM)

Belley, Yao, et al., in prep

Yao et al., arXiv:2105.05415

: Cirigliano et al. PRL (2021)
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Moving Towards Final NMEs

1) Additional NN+3N interactions for Te, Xe: ab initio bands for all SM cases (in progress)

2) Include missing short-range contact term for all interactions✓

3) Benchmark 2νββ decay with coupled cluster and 2BCs (in progress)

4) Correlations with other operators: e.g., Double GT (in progress)

5) Large-scale ab initio uncertainty analysis with other methods for ‘final’ NMEs
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Structure Functions from Large-Scale Shell Model
Best to date: phenomenological wfs + bare operator (axial currents)

✓

Klos et al, PRD (2013)

𝑆! 𝑝 = |⟨𝑓 ℒ! | ⟩𝑖 = 𝑎"#𝑆"" 𝑝 + 𝑎"𝑎$𝑆"$ 𝑝 + 𝑎$#𝑆$$ 𝑝

Isoscalar Coupling Isovector Coupling

ChEFT II

d�

dq2
=

8G2

F

(2J + 1)v2
SA(q)

Isovector/Isoscalar representation:

SA(q) = a20S00(q) + a0a1S01(q) + a21S11(q)

Proton/Neutron “only”

Sp(q) = S00(q) + S01(q) + S11(q)

Sn(q) = S00(q)� S01(q) + S11(q)

José Padua (Undergraduate co-op) (UNAM) Ab Initio DM Scattering 8/August/2019 Work with Sam Leutheusser and Jason Holt

Introduction Approaches IMSRG Results Outlook
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Ab Initio Convergence and Spin Expectations
Use consistent NN+3N forces and 2-body currents 
Natural orbitals basis (NAT) displays much more rapid convergence in 129Xe

Hu et al. arXiv: 2109.00193
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Ab Initio SD WIMP-Nucleus Response Overview
Use three NN+3N chiral interactions with consistent chiral currents
Overall similar to phenomenology at low q, discrepancies in 127I

Provide new structure functions for all SD direct-detection candidates

Hu et al. arXiv: 2109.00193
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Present and Future for Theory
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions

Work in progress
Higher-order many-body effects: IMSRG(3)
Monte Carlo shell model diagonalization
Extension to superheavy nuclei
Precision data on GT transitions

Nuclear Structure
Development of forces and currents
Dripline predictions up to Fe
Evolution of magic numbers:

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

Islands of inversion
Forbidden decays

Atomic systems

Fundamental Symmetries/BSM Physics
EW operators: GT quenching, muon capture
0νββ decay matrix elements
WIMP-Nucleus/neutrino scattering
Superallowed Fermi transitions
Symmetry-violating moments [molecules]

A. Schwenk J.M. Yao
H. Hergert

L. Jokiniemi
J. Menéndez

G. Hagen
T. Papenbrock

S. R. Stroberg
T. Miyagi
B. Hu
A. Belley
I. Ginnett
E. Love
M. Bruneault
J. Padua
G. Tenkila
H. Patel

M. Martin
K. G. Leach

R. F. Garcia-Ruiz
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Valence-Space IMSRG

Step 1: Decouple core

Can we achieve accuracy
of large-space methods?

co
re

va
le

nc
e

ex
clu

de
d

decouple

decouple

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

H̃ = e
⌦
He

�⌦ = H + [⌦, H] +
1

2
[⌦, [⌦, H]] + · · ·

⌘ =
1

2
arctan

✓
2Hod

�

◆
� h.c.U = e⌦ = e⌘n . . . e⌘1

h ̃n|PH̃P |  ̃ni ⇡ h i|H| ii

co
re

va
le
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e

ex
clu

de
d

decouple

decouple
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Valence-Space IMSRG

Step 1: Decouple core
Step 2: Decouple valence space

Can we achieve accuracy
of large-space methods?

co
re

va
le

nc
e

ex
clu

de
d

decouple

decouple

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

H̃ = e
⌦
He

�⌦ = H + [⌦, H] +
1

2
[⌦, [⌦, H]] + · · ·

⌘ =
1

2
arctan

✓
2Hod

�

◆
� h.c.U = e⌦ = e⌘n . . . e⌘1

h ̃n|PH̃P |  ̃ni ⇡ h i|H| ii
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Valence-Space IMSRG

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

Careful benchmarking essential   

co
re

va
le

nc
e
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clu

de
d

decouple

decouple

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

U = e⌦ = e⌘n . . . e⌘1

h ̃n|PM̃0⌫P |  ̃ni ⇡ h i|M0⌫ | ii

h ̃n|PH̃P |  ̃ni ⇡ h i|H| ii

Õ = e⌦Oe�⌦ = O + [⌦,O] +
1

2
[⌦, [⌦,O]] + · · ·

H̃ = e
⌦
He

�⌦ = H + [⌦, H] +
1

2
[⌦, [⌦, H]] + · · ·

⌘ =
1

2
arctan

✓
2Hod

�

◆
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Size of N=70 gap not converged at E3max=18: for neutron-rich Sn, In, Cd…

Resorted to unreliable extrapolations…
New capabilities: converged spectra in N=82 region

Convergence of N=82 Gap

Lascar et al PRC (2017)
Manea et al, PRL (2020)

T. Miyagi et al., arXiv:2104.04688
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Valence-Space IMSRG

Step 1: Decouple core

Can we achieve accuracy
of large-space methods?
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All operators truncated at two-body level IMSRG(2)
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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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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
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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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Microscopic/E↵ective approach

E↵ective Interaction

Goal: Find a unitary transformation U

such that

H̃ = UHU
†
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Explicitly construct unitary transformation from sequence of rotations

U = e⌦ = e⌘n . . . e⌘1
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Global Trends in Absolute B(E2): sd Shell
Study charge E2 transitions across sd-shell 

USDB with effective charges typically reproduces absolute values well
VS-IMSRG (no effective charges) typically underpredicts experiment
Trends well reproduced in both…

Tz = ±1

2
<latexit sha1_base64="ZI0ylx+ams2ZzHLxAgk1ige6O4k=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV1I1QcOOyQl/QhDCZTtqhM5MwMxFryK+4caGIW3/EnX/jtM1CWw9cOJxzL/feEyaMKu0431ZpbX1jc6u8XdnZ3ds/sA+rXRWnEpMOjlks+yFShFFBOppqRvqJJIiHjPTCye3M7z0QqWgs2nqaEJ+jkaARxUgbKbCr7eDpxku4F0mEMzfPGnlg15y6MwdcJW5BaqBAK7C/vGGMU06ExgwpNXCdRPsZkppiRvKKlyqSIDxBIzIwVCBOlJ/Nb8/hqVGGMIqlKaHhXP09kSGu1JSHppMjPVbL3kz8zxukOrr2MyqSVBOBF4uilEEdw1kQcEglwZpNDUFYUnMrxGNkUtAmrooJwV1+eZV0G3X3vN64v6g1L4s4yuAYnIAz4IIr0AR3oAU6AINH8AxewZuVWy/Wu/WxaC1ZxcwR+APr8wfV6JRF</latexit>

Tz = ±3

2
<latexit sha1_base64="cm6BxnZFjSatyIvvy8sIVHQTxfo=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiStqBuh4MZlhT6EJoTJdNIOnZmEmYlYQ37FjQtF3Poj7vwbp20W2nrgwuGce7n3njBhVGnH+bZKa+sbm1vl7crO7t7+gX1Y7ak4lZh0ccxieR8iRRgVpKupZuQ+kQTxkJF+OLmZ+f0HIhWNRUdPE+JzNBI0ohhpIwV2tRM8XXsJ9yKJcNbMs0Ye2DWn7swBV4lbkBoo0A7sL28Y45QToTFDSg1cJ9F+hqSmmJG84qWKJAhP0IgMDBWIE+Vn89tzeGqUIYxiaUpoOFd/T2SIKzXloenkSI/VsjcT//MGqY6u/IyKJNVE4MWiKGVQx3AWBBxSSbBmU0MQltTcCvEYmRS0iatiQnCXX14lvUbdbdYbd+e11kURRxkcgxNwBlxwCVrgFrRBF2DwCJ7BK3izcuvFerc+Fq0lq5g5An9gff4A2PiURw==</latexit>

Tz = ± 1
<latexit sha1_base64="VFD+7Em+0Ew6oLtFDRWNsPQ2XpM=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ4KrtV1ItQ8OKxQr+wu5Rsmm1Dk+ySZIW69F948aCIV/+NN/+NabsHbX0w8Hhvhpl5YcKZNq777aysrq1vbBa2its7u3v7pYPDlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Hbqtx+p0iyWDTNOaCDwQLKIEWys9NDoPd34ifCR1yuV3Yo7A1omXk7KkKPeK335/ZikgkpDONa667mJCTKsDCOcTop+qmmCyQgPaNdSiQXVQTa7eIJOrdJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xjc10XWQMZmkhkoyXxSlHJkYTd9HfaYoMXxsCSaK2VsRGWKFibEhFW0I3uLLy6RVrXjnler9Rbl2mcdRgGM4gTPw4ApqcAd1aAIBCc/wCm+Odl6cd+dj3rri5DNH8AfO5w+QTJAm</latexit>

Henderson et al. PLB (2019)
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Study charge E2 transitions across sd-shell: IS (M0) and IV (M1)

IS: USDB good agreement, VS-IMSRG systematically small
IV: Both agree well 
Deficiencies in IS only

Global Trends in B(E2): IS/IV Components

M0 =

p
B(E2;Tz < 0) +

p
B(E2;Tz > 0)

2
<latexit sha1_base64="07o7VN/EtdPLTlFSZB3JPV9/KRY=">AAACHXicbZDLSgMxFIYz9VbrrerSTbAIFaHM1KKCF4oiuBEq9AadYcikmTY0czHJCHWYF3Hjq7hxoYgLN+LbmF4WtfWHwM93zuHk/E7IqJC6/qOl5uYXFpfSy5mV1bX1jezmVl0EEcekhgMW8KaDBGHUJzVJJSPNkBPkOYw0nN7VoN54IFzQwK/KfkgsD3V86lKMpEJ2tnRr6+emyxGOTXHPZXyZvy6eVu3HM30/OZhAULELxZK4mNjZnF7Qh4KzxhibHBirYme/zHaAI4/4EjMkRMvQQ2nFiEuKGUkyZiRIiHAPdUhLWR95RFjx8LoE7inShm7A1fMlHNLJiRh5QvQ9R3V6SHbFdG0A/6u1IumeWDH1w0gSH48WuRGDMoCDqGCbcoIl6yuDMKfqrxB3kYpKqkAzKgRj+uRZUy8WjMNC8a6UKx+N40iDHbAL8sAAx6AMbkAF1AAGT+AFvIF37Vl71T60z1FrShvPbIM/0r5/AU2goCM=</latexit>

|M1| =
p

B(E2;Tz < 0)�
p
B(E2;Tz > 0)

�Tz
<latexit sha1_base64="JDMgwcIWrPdnhGr3UFvHGhbVyTA="></latexit>

Henderson et al. 
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Origin of E2 Puzzle 14C in psd Shell
Perform CC and VS-IMSRG calculations of 14C in toy p-sd space with phenomenological potential

Energies well converged all around

p/n amplitudes increase with p/h ex.

Only converged at ~6 Nph

Not possible to capture fully in CC or IMSRG
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Systematic Studies in Heavy Region: In/Sn
Improvements in storage of 3N matrix elements greatly expands reach of ab initio theory!
Calculate radii, EM moments of entire In chain! 
Reproduces trends of new measurements – correlates with B(E2) in Sn chain

Vernon et al., submitted/in prep
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Systematic studies in Sn region: Sb
Improvements in storage of 3N matrix elements greatly expands reach of ab initio theory!
Calculate radii, moments of entire Sb chain… explore new physics

Lechner et al., in prep
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GT Transitions in Light nuclei and 100Sn
NCSM in light nuclei, CC calculations of GT transition in 100Sn from different forces

Large quenching effect from correlations
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ratio to experiment
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GT only

GT + 2BC

|MGT|2

Gysbers et al., Nature Phys. (2019)
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Spectroscopy

Hu, Padua, in prep.

Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces + 2b currents 
Calculated spectroscopy (generally) well reproduces experiment



D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2018-09-13

Extent to Ab Initio Atomic Systems
Motivation: isotope shifts in atoms needed for laser spec. experiments 

Motivation: Isotope Shift in Atoms

4

Mass Shift:

Field Shift:

Motivation: Isotope Shift in Atoms

5

➔ Non-linearities in “King plots” 
point to new electron-nucleon 
interactions.

➔ Laser spectroscopy can be 
used to probe BSM physics

Ca:<r2>:Garcia Ruiz et al. Nature Phys. 12, 
594 (2016)

Stadnik et al. Phys Rev Lett 120, 223202 
(2018) - Long range neutrino mediated forces

Flambaum et al. Phys Rev A 97, 032510 
(2018)

Motivation: Isotope Shift in Atoms

4

Mass Shift:

Field Shift:

Garcia Ruiz, Nat. Phys (2016)
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IMSRG for Closed-Shell Atoms
Apply single-reference IMSRG for closed-shell systems

Converges to “best” coupled-cluster results
Good experimental agreement for light atoms… 
Discrepancies point to neglected relativistic effects

Results - Closed shell

9
Stopkowicz S, et al.  J Chem Phys. 2015

Tenkila, Patel, Miyagi…
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VS-IMSRG for Open-Shell Atoms
Apply VS-IMSRG for binding energies of systems: Mg, Ca

Converges to best available many-body results
Good(?) experimental agreement in both cases

Results - Open shell

10

➔ Valence space diagonalization done by k-shell to get excited states

Tenkila, Patel, Miyagi…
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VS-IMSRG for Open-Shell Atoms
Apply VS-IMSRG for ionization energies of systems

No ab initio calculations available
Good(at times) experimental agreement in both cases

Results - Open Shell

11

Tenkila, Patel, Miyagi…
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VS-IMSRG for Isotope Shifts
VS-IMSRG calculations of isotope shifts in light atoms

Results comparable to currently used code

Extension to Dirac-Hartree-Fock in progress to access heavy atomic systems!

Results - Isotope Shifts

12

➔ Results comparable to 
current state of the art 
Relativistic Isotope Shift 
program (RIS4)
Ekman et al. (2019)

Results - Isotope Shifts

13

Tenkila, Patel, Miyagi…


