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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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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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   Nuclear matrix element: rate of decay  Structure functions for WIMP/ν scattering
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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
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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
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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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Chiral Effective Field Theory

  Consistent treatment of
   - 2N, 3N, 4N, … forces
   - Electroweak physics
  Quantifiable uncertainties

Interactions
1.8/2.0, N2LOGO, N3LOLNL
(2.0/2.0, N4LOLNL)
34 non-implausible

H n = En n

Ab Initio Approach to Nuclear Structure

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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SCGF

H n = En n
 Ab Initio Cheat Sheet (polynomial scaling methods)

 CC: Coupled cluster theory

 IMSRG: In-medium similarity renormalization group

  
 SCGF: Self-consistent Green’s function

H̃ = e
⌦
He

�⌦ = H + [⌦, H] +
1

2
[⌦, [⌦, H]] + · · ·

Courtesy, S. R. Stroberg Dr
aft

The self-consistent Green’s function scheme

Dyson-Schwinger equation : G(�)

= + �

Two Wick contractions ∆ � antisymmetrisation

Self-consistent self-energy : �(G)

� = +
T

+ . . .

Approx © truncation on 2PI dressed diagrams

M. DRISSI - University of Surrey Self-consistent Gorkov Green’s functions : the case of superfluid neutron matter 11/25Dr
aft

The self-consistent Green’s function scheme

Dyson-Schwinger equation : G(�)

= + �

Two Wick contractions ∆ � antisymmetrisation

Self-consistent self-energy : �(G)

� = +
T

+ . . .

Approx © truncation on 2PI dressed diagrams

M. DRISSI - University of Surrey Self-consistent Gorkov Green’s functions : the case of superfluid neutron matter 11/25
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Ab Initio Approach to Nuclear Structure
Aim of modern nuclear theory: develop unified first-principles picture of structure and reactions

(Approximately) solve nonrelativistic Schrödinger equation

Extends ab initio to scope of traditional nuclear shell model

c

!

q
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

Valence-space approach 
for open-shell nuclei

Decoupled
Valence-space Hamiltonian

Decoupled core
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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

nc
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

ex
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

�

◆
� h.c.
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Ab Initio Approach to Nuclear Structure

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

Methods Exact up to Truncations

✅ Single-particle basis

✅ Storage limits of 3N forces 

🤷 Many-body operators: e.g., CCSD(T), IMSRG(2)

<latexit sha1_base64="uXPEvP8uWHefVtEHYihHEA+KYbU=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIsgCGWmlOpGKLhxWcE+oB2GTJppQ5PMkGTEMgz4K25cKOLW73Dn35hpZ6GtBwKHc+7lnpwgZlRpx/m2VlbX1jc2S1vl7Z3dvX374LCjokRi0sYRi2QvQIowKkhbU81IL5YE8YCRbjC5yf3uA5GKRuJeT2PicTQSNKQYaSP59jHx0wFHeix5ytFjll3XxAXz7YpTdWaAy8QtSAUUaPn212AY4YQToTFDSvVdJ9ZeiqSmmJGsPEgUiRGeoBHpGyoQJ8pLZ/EzeGaUIQwjaZ7QcKb+3kgRV2rKAzOZJ1WLXi7+5/UTHV55KRVxoonA80NhwqCOYN4FHFJJsGZTQxCW1GSFeIwkwto0VjYluItfXiadWtVtVOt39UqzUdRRAifgFJwDF1yCJrgFLdAGGKTgGbyCN+vJerHerY/56IpV7ByBP7A+fwCA3pXN</latexit>

emax = 2n+ l
<latexit sha1_base64="yThJ7s3LzYWbJKajAsO4sgqKwXQ=">AAACIHicbVBdSwJBFJ21L7Mvq8dehiSIAtlVSR+FCHo0yA9QWWbHqw7O7C4zs5Es/pRe+iu99FBEvdWvaVZ9SO3AhcM593LvPV7ImdK2/W2l1tY3NrfS25md3b39g+zhUUMFkaRQpwEPZMsjCjjzoa6Z5tAKJRDhcWh6o+vEbz6AVCzw7/U4hK4gA5/1GSXaSG62DK5zCW7BVBF3OOAbNy52BNFDKWJBHieTRCxegBsvqG42Z+ftKfAqceYkh+aoudmvTi+gkQBfU06Uajt2qLsxkZpRDpNMJ1IQEjoiA2gb6hMBqhtPH5zgM6P0cD+QpnyNp+rfiZgIpcbCM53JkWrZS8T/vHak+5VuzPww0uDT2aJ+xLEOcJIW7jEJVPOxIYRKZm7FdEgkodpkmjEhOMsvr5JGIe9c5Ut3pVy1Mo8jjU7QKTpHDiqjKrpFNVRHFD2hF/SG3q1n69X6sD5nrSlrPnOMFmD9/AL5paLw</latexit>

e1 + e2 + e3  E3max  3 ⇤ emax

Courtesy, S. R. Stroberg

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

(Approximately) solve nonrelativistic Schrödinger equation
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Progress of Ab Initio Theory Since 2010
2010: Limited capabilities for 3N forces; 16O heaviest

Courtesy: H. Hergert, A. Belley
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Ab Initio Progress: How Heavy Can We Go?
Tremendous progress in ab initio reach, largely due to polynomially scaling methods!
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Global Ab Initio Calculations:
 Proton/Neutron Driplines

?
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Ab Initio Goes Global!
Long considered the domain of DFT or shell model

Ab initio calculations of ~700 nuclei from He to Fe!

           
             B-W Mass formula: ~3.5MeV (Z<28)

             DFT: 0.6-2.0 MeV

Input Hamiltonians fit to A=2,3,4 – not biased towards known data

Apply to proton/neutron driplines separation energies? 0 10 20 30 40 50

Neutron number N
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Estimating Separation Energy Uncertainties
rms deviation from experiment → model for theoretical uncertainties

                rms = 0.7-1.4MeV        
      

               Obtain PPD for separation energies

              Total probability to be bound

              Determine probabilities for each nucleus
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p(S̃exp|S̃th, Sth, Sexp)

<latexit sha1_base64="aIeIDe2TyAWMhHGnEHqdhkbrpa8="></latexit>

Pbound =
Y

↵

Z 1

0
dS̃exp

↵ p(S̃exp
↵ |S̃th, Sth, Sexp)
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↵ 2 {n, p, 2n, 2p}
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Dripline Predictions to Medium Mass Region
Predictions of proton and neutron driplines from first principles

           

Known drip lines predicted within uncertainties (artifacts at shell closures)

Ab initio guide for neutron-rich driplines
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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 polynomially scaling methods!

Calculate essentially all properties all of nuclei… up to N, Z ~ 50
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Ab Initio Progress: How Heavy Can We Go?
Tremendous progress in ab initio reach, largely due to polynomially scaling methods!

Calculate essentially all properties all of nuclei… up to N, Z ~ 50

Key Limitation

3NF matrix element storage
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e1 + e2 + e3  E3max = 18
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Converged Calculations
in Heavy Nuclei
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Limited by typical memory/node: 

No sign of convergence in 132Sn - Egs or Rch

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

132Sn

🤷
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Limited by typical memory/node: 

Clever storage reduces needs by factor of 100!

           

                 

First converged ground-state properties of 132Sn! 

Opens heavy region to ab initio…

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

132Sn
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Size of N=70 gap well converged at E3max=28 for neutron-rich Sn, In, Cd!

           

                 

 

            New capabilities: converged spectra in N=82 region

            Converged (overpredicted) doubly magic 132Sn

            Can we go heavier?

Convergence of N=82 Gap
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Previous limit, no hope of convergence in 208Pb g.s. energy…

Convergence in Heavy Nuclei: 208Pb

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

Courtesy, T. Miyagi.
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Previous limit, no hope of convergence in 208Pb g.s. energy

Improved       clear convergence

           

           

                 

First converged ab initio calculation of 208Pb!

Convergence in Heavy Nuclei: 208Pb

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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E3max = 18 ! 28

Courtesy, T. Miyagi.
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Ab Initio Analysis: Neutron Skin of 208Pb
 Linked with neutron star properties

208Pb

Nuclear EOS

ARTICLES
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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.

NATURE PHYSICS | www.nature.com/naturephysics



D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2018-09-13

Combine TRIUMF/ORNL/Chalmers advances!

I: History Matching confronted with A=2,3,4 data + 16O

   109 calculations spanning EFT parameter space at N2LO

34 non-implausible interactions

Neutron Skin of 208Pb
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Neutron Skin of 208Pb
Combine TRIUMF/ORNL/Chalmers advances!

I: History Matching confronted with A=2,3,4 data + 16O

   109 calculations spanning EFT parameter space at N2LO

34 non-implausible interactions

II: Calibration use 48Ca E/A, E(2+), Rp, dipole polarizability
Importance resampling – statistically weight interactions
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Neutron Skin of 208Pb
Combine TRIUMF/ORNL/Chalmers advances!

I: History Matching confronted with A=2,3,4 data + 16O

   109 calculations spanning EFT parameter space at N2LO

34 non-implausible interactions

II: Calibration use 48Ca E/A, E(2+), Rp, dipole polarizability
Importance resampling – statistically weight interactions

III: Validation 208Pb E/A, Rp + 48Ca/208Pb DP from ab initio
Clear quality description of data
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Neutron Skin of 208Pb

PREX II

Combine TRIUMF/ORNL/Chalmers advances!

I: History Matching confronted with A=2,3,4 data + 16O

   109 calculations spanning EFT parameter space at N2LO

34 non-implausible interactions

II: Calibration use 48Ca E/A, E(2+), Rp, dipole polarizability
Importance resampling – statistically weight interactions

III: Validation 208Pb E/A, Rp + 48Ca/208Pb DP from ab initio
Clear quality description of data

IV: Prediction - posterior predictive distribution for neutron skin
   Rskin(208Pb)= 0.14-0.20fm (68% credible level)
Consistent(ish) with extracted PREXII result
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Explore correlations between finite nuclei and nuclear EOS

 Use same 34 non-implausible interactions

Reveals correlation as seen in mean field models

     L = 37-63 MeV

Constrain forces potentially from:
  Neutron star radii/mergers  

Mean field accommodates large range of skins

Tighter range from 
  ab initio calculations

Infinite Matter Equation of State

a b cClear correlation between 
neutron skin and the symmetry 
energy (S) and slope (L)  



D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2018-09-13

Newly extracted neutron skin in 48Ca

 Use same 34 interactions – predictions in good agreement with CREX result

Confrontation with Rskin of 48Ca

Neutron skin thickness
Constraints on Nuclear Symmetry Energy Parameters 
J. Lattimer (2023)

B. Hu et al (Nature Phys. 2022)
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Ab Initio Progress: How Heavy Can We Go?
Tremendous progress in ab initio reach, largely due to polynomially scaling methods!

Calculate essentially all properties all of nuclei… up to N, Z ~ 50

Key Limitation

3NF matrix element storage
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e1 + e2 + e3  E3max = 18
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Recalibrating Ab Initio Progress
Rapid progress in ab initio reach, due to valence-space approach… up to... 

                    



D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2018-09-13

Searches for BSM Physics

⇠ Nuclear Anapole Moment

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

 Neutrino scattering    Symmetry-violating moments    Atomic theory

Neutrinoless double beta decay  Dark matter direct detection  Superallowed Fermi transitions

P H G N 4 2 2 : N U C L E A R P H Y S I C S

�+ Decay

u u

d

u d

d

Proton

Neutron

W+

(g · Vud)

g
⌫e

e+

Slide 21 — Prof. Kyle Leach — PHGN 422: Nuclear Physics
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Two-Body Currents for Gamow-Teller 
Transitions and gA Quenching

LETTERS
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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
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
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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
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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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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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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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Solution to gA-Quenching Problem
VS-IMSRG calculations throughout sd and pf shells

Ab initio calculations across the chart explain data with unquenched gA

Refine results: improvements in forces and many-body methods

LETTERS NATURE PHYSICS

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 
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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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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)
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Laser Spectroscopy: Charge Radii of Cu Isotopes
Odd-even staggering of charge radii across Cu chain

Cu isotopes, odd-even staggering well reproduced
Ab initio competitive with DFT (fit to reproduce odd-even staggering)
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Nuclear charge radii globally scale with atomic mass num-
ber A as A1∕3, and isotopes with an odd number of neutrons 
are usually slightly smaller in size than their even-neutron 
neighbours. This odd–even staggering, ubiquitous through-
out the nuclear landscape1, varies with the number of protons 
and neutrons, and poses a substantial challenge for nuclear 
theory2–4. Here, we report measurements of the charge radii 
of short-lived copper isotopes up to the very exotic 78Cu (with 
proton number Z = 29 and neutron number N = 49), produced 
at only 20 ions s–1, using the collinear resonance ionization 
spectroscopy method at the Isotope Mass Separator On-Line 
Device facility (ISOLDE) at CERN. We observe an unexpected 
reduction in the odd–even staggering for isotopes approach-
ing the N = 50 shell gap. To describe the data, we applied 
models based on nuclear density functional theory5,6 and 
A-body valence-space in-medium similarity renormalization 
group theory7,8. Through these comparisons, we demonstrate 
a relation between the global behaviour of charge radii and the 
saturation density of nuclear matter, and show that the local 
charge radii variations, which reflect the many-body polariza-
tion effects, naturally emerge from A-body calculations fitted 
to properties of A ≤ 4 nuclei.

The properties of exotic nuclei, in particular of those close 
to (doubly) magic systems far from stability, have continually 
proven pivotal in deepening our understanding of nuclear forces 
and many-body dynamics. Owing to the presence of the unpaired 
proton, odd-Z isotopes such as the copper isotopes provide cru-
cial insights into the single-particle proton structure and how 
this affects the charge radii. However, until now, experimentally 
accessing charge radii of such isotopes close to exotic doubly closed 
shells (for example 78Ni and 100Sn) has been prohibitively difficult. 
Extending the existing charge radius measurements9 beyond 75Cu 
has required nearly a decade of developments, culminating in the 
work presented here.

The first experimental challenge lies in the production of a clean 
sample of these short-lived species. We produced radioactive ions 
at the ISOLDE laboratory at CERN. This was done by impinging  
1.4-GeV protons onto a neutron converter, producing neutrons 
that in turn induced fission of 238U atoms within a thick target, thus 
minimizing other unwanted nuclear reactions in the target. Several 
purification steps were nevertheless required to remove contami-
nants. First, the copper atoms that diffused out of the target were 
element-selectively laser-ionized by the ISOLDE resonance ioniza-
tion laser ion source (RILIS) in a hot cavity. The ions were then 
accelerated to 30 keV for mass separation using the ISOLDE high 
resolution separator and prepared for high-resolution laser reso-
nance ionization spectroscopy. This required sending the ions into 
a gas-filled radio-frequency linear Paul trap, ISCOOL, where they 
were cooled for up to 10 ms. The ions were then released in a short 
bunch with a length of ~1 μs.

The hyperfine structure of the copper isotopes was measured in 
the final stage of the experiment using the collinear resonance ion-
ization spectroscopy (CRIS)10 method. First, the ions were neutral-
ized through a charge-exchange reaction with a potassium vapour. 
The non-neutralized fraction of the beam was deflected, such that 
only the neutralized atoms entered into an ultrahigh-vacuum region. 
Here, they interacted with two pulsed laser beams. The first of these 
laser systems, tuned to the optical transition at 40,114.01 cm−1,  
resonantly excited the atoms, while the second laser further excited 
these atoms to an auto-ionizing state, chosen for optimal ionization 
efficiency. Owing to the vacuum of 10−8 mbar, the collisional ioniza-
tion rate was less than 1 every 10 min for all except the stable 63,65Cu, 
creating a quasi-background-free measurement. As illustrated in 
the top panel of Fig. 1, by recording the number of ions as a func-
tion of the frequency of the first single-mode laser, the hyperfine 
structure of the copper atoms could be measured. Changes of the 
charge radius of the nucleus result in small changes in the centroids 
of these hyperfine structures for each isotope, which is typically a 

Measurement and microscopic description of 
odd–even staggering of charge radii of exotic 
copper isotopes
R. P. de Groote! !1,2 ✉, J. Billowes3, C. L. Binnersley3, M. L. Bissell3, T. E. Cocolios! !1, 
T. Day Goodacre! !4,5, G. J. Farooq-Smith! !1, D. V. Fedorov! !6, K. T. Flanagan3, S. Franchoo7, 
R. F. Garcia Ruiz3,8,9, W. Gins1,2, J. D. Holt! !5,10, Á. Koszorús1, K. M. Lynch9, T. Miyagi5, 
W. Nazarewicz! !11, G. Neyens1,9, P.-G. Reinhard12, S. Rothe! !3,4, H. H. Stroke13, A. R. Vernon1,3, 
K. D. A. Wendt14, S. G. Wilkins! !3,4, Z. Y. Xu1 and X. F. Yang! !1,15

NATURE PHYSICS | VOL 16 | JUNE 2020 | 620–624 | www.nature.com/naturephysics620
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Laser Spectroscopy: Charge Radii of Ni Isotopes
Study charge radii systematics across Ni isotopic chain

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

mass number (A)
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EM Moments in Neutron-Rich In Isotopes
Electromagnetic moments of entire In chain – sharp increase at N=82

           

                 

Ab initio reproduces trends of new measurements

Neglected physics: two-body meson-exchange currents

260 | Nature | Vol 607 | 14 July 2022

Article

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 e"ort with developments in two complementary 
nuclear many-body methods: ab initio valence-space in-medium similarity 
renormalization group and density functional theory (DFT). We #nd that the inclusion 
of time-symmetry-breaking mean #elds is essential for a correct description of 
nuclear magnetic properties, which were previously poorly constrained. These 
experimental and theoretical #ndings 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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Impact of Two-Body M1 Currents
Ab initio calculations throughout the nuclear chart

Including 2bc consistent with input forces

Magnetic moments significantly improved

T. Miyagi et al, in prep.
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Neutrinoless Double Beta Decay NMEs
   for Major Players: 76Ge, (100Mo),130Te, 136Xe
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Current Status of NMEs
Calculations to date from phenomenological models; large spread in results

            

All models missing essential physics: correlations, single-particle levels, two-body currents
Address with ab initio theory

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

48Ca    76Ge      82Se      130Te        136Xe
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Strategy I: 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 candidates!

0 4 8 12 16 20 24 28
Mass number A
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correlations that would be many-particle–many-hole exci-
tations in the spherical scheme [53]. It comes at the expense
of breaking rotational invariance, which eventually could
be restored with symmetry restoration techniques [54–56].
In chiral EFT, the 0νββ operator is organized into a

systematically improvable expansion similarly to the
nuclear forces [57]. The lowest-order contributions to the
0νββ operator are a long-range Majorana neutrino potential
that can be divided into three components, Gamow-Teller
(GT), Fermi (F), and tensor (T), that contain different
combinations of spin operators, with Ô0ν ¼ ÔGT

0ν þ
ÔF

0ν þ ÔT
0ν. The corresponding two-body matrix elements,

as is conventional, are taken from Ref. [58], which adds
form factors to the leading and next-to-leading operators.
We use the closure approximation (which is sufficiently
accurate [26]), with closure energies Ecl ¼ 5 MeV for all
benchmarks in light nuclei and 7.72 MeV for the
decay 48Ca → 48Ti.
The NME for the 2νββ is similar to the 0νββ case except

the two-body operator is replaced by a double application
of the one-body Gamow-Teller operator, στ− [59], with an
explicit summation over the intermediate 1þ states between
them,

jM2νj2 ¼
!!!!
X

μ

h0þF jστ−j1þμ ih1þμ jστ−j0þI i
ΔEμ þ ðEI − EFÞ=2

!!!!
2

: ð4Þ

The denominator consists of the excitation energy of the
intermediate states with respect to the initial ground state,
ΔEμ ¼ Eμ − EI, and the energy difference between the
initial and final states, EI − EF (see Supplemental Material
[60] and Refs. [73,74] for more details). The direct
computation of the matrix element (4) would require
several tens of states in the intermediate nucleus and
several hundred Lanczos iterations, making it unfeasible
in our large model space.
We note that the Green’s function at the center of this

matrix element can be computed efficiently using the
Lanczos (continued fraction) method starting from a 1þ

pivot state [75–79]. We generate Lanczos coefficients
(ai, bi and a%i ; b

%
i ) from a nonsymmetric Lanczos algorithm

using the 1þ subspace of H̄N and rewrite Eq. (4) as a
continued fraction [75]. This computation typically
requires about 10–20 Lanczos iterations. With the sim-
ilarity-transformed operator, O ¼ στ−, and the pivot states
hνFj ¼ hΦ0jLO, jνIi ¼ OjΦ0i, hνIj ¼ hΦ0jð1þ Λ̂ÞO†, and
jνFi ¼ O†RjΦ0i, the NME becomes

jM2νj2 ¼ hνFjνIi

a0 þ EI−EF
2 − b20

a1þ&&&

hνIjνFi

a%0 þ
EI−EF

2 − ðb%0Þ
2

a%1þ&&&

: ð5Þ

Benchmarks.—To gauge the quality of our coupled-
cluster computations we benchmark with the more exact
no-core shell model (NCSM) [80–82] by computing 0νββ

matrix elements in light nuclei. Although the 0νββ decay of
these isotopes are energetically forbidden or would be
swamped by successive single-β decays in an experiment,
the benchmarks still have theoretical value. Figure 2 shows
the 0νββ matrix elements of the GT, F, and T operators for
the transitions 6He → 6Be, 8He → 8Be, 10He → 10Be,
14C → 14O, and 22O → 22Ne. The coupled-cluster results
are shown in pairs, with both the initial and final state as the

FIG. 2. Comparison of the 0νββ NME in several light nuclei
computed with the coupled cluster method and the no-core shell
model. The first two columns correspond to different choices for
the coupled-cluster reference state, and results from the CCSD
and CCSDT-1 approximations are shown in each. The error bars
indicate the uncertainties coming from variations with model-
space size. Each case utilizes the 1.8=2.0 (EM) interaction except
for 22O → 22Ne which disregards the three-nucleon forces to more
rapidly converge the NCSM results.

PHYSICAL REVIEW LETTERS 126, 182502 (2021)

182502-3
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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

75 100 125 150

B(E2 : 2+
! 0+) [e2fm4]
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EM1.8/2.0(12)
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Pritychenko
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The green band is our best (preliminary) guess for the matrix element.

CC Theory
IM-GCM
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First Ab Initio Results 
Ab initio NMEs generally smaller than phenomenology; less spread from uncertainties

Ab initio results agree within uncertainties!
Promising results, but…

Phen.

Phen.

Phen.

48Ca    76Ge        82Se

Ab initio
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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

<latexit sha1_base64="I2zYwHGqMa5kMzlvVWlXAiwuz8c=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakVJeFblxWsA9oh5JJM21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z4cPxZcG8f5RoWt7Z3dveJ+6eDw6PikfHrW0VGiKGvTSESq5xPNBJesbbgRrBcrRkJfsK4/bWZ+d8aU5pF8NPOYeSEZSx5wSoyVvEFIzIQSkTYXQ3dYrjhVZwm8SdycVCBHa1j+GowimoRMGiqI1n3XiY2XEmU4FWxRGiSaxYROyZj1LZUkZNpLl6EX+MoqIxxEyj5p8FL9vZGSUOt56NvJLKRe9zLxP6+fmODOS7mME8MkXR0KEoFNhLMG8IgrRo2YW0Ko4jYrphOiCDW2p5ItwV3/8ibp3FTderX2UKs06nkdRbiAS7gGF26hAffQgjZQeIJneIU3NEMv6B19rEYLKN85hz9Anz+gLJH6</latexit>

C1

<latexit sha1_base64="Vti03GcoD7i6XsakmRj0WqecldA="></latexit>

M0⌫ ! ML +MS = MGT +
MF

g2A
+MT +MCT
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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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Ab Initio Predictions in Heavy Nuclei
Converged NMEs for major players in global searches: 76Ge, 130Te, 136Xe 

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

Belley et al, in prep



D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2018-09-13

Impact of Ab Initio NMEs on Worldwide Searches
Impact for next-generation searches: Large matrix elements disfavored, lowers expected rates
Current experimental reach – more than an order of magnitude diminished

Belley et al, in prep
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Impact of Ab Initio NMEs on Worldwide Searches
Impact for next-generation searches: Large matrix elements disfavored, lowers expected rates
Current experimental reach – improved with effects of contact term,

Not the end of the story: estimate three-body corrections + two-body currents
Belley et al, in prep

76Ge 130Te 136Xe
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Strategy III: Correlation with Structure Observables
76Ge: Explore correlations with other observables from systematic analysis (34 interactions)
Few clear correlations, except DGT

Maybe with first excited 2+ states?

Belley et al., arXiV:2210.05809
Belley et al., in preparation
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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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MM-DGP Emulator: Sensitivity Analysis
Explore correlations with other observables from systematic analysis (34 interactions)
Similar sensitivity as found in 208Pb study!

Highly sensitive to C1S0 – possible correlation with 1S0 phase shift (observable!)
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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 preparation
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MM-DGP Emulator: Correlation w/ 1S0 Phase Shift
Explore correlations with 1S0 phse shift from 34 non-implausible interactions
Long-range component in 48Ca

Clear correlation with (measured!) 1S0 phase shift at high scattering energies
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MM-DGP Emulator: Correlation w/ 1S0 Phase Shift
Explore correlations with 1S0 phse shift from 34 non-implausible interactions
Long-range component in 48Ca, 76Ge

Clear correlation with (measured!) 1S0 phase shift at high scattering energies
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MM-DGP Emulator: Correlation w/ 1S0 Phase Shift
Explore correlations with 1S0 phse shift from 34 non-implausible interactions
Long-range component in 48Ca, 76Ge, 130Te

Clear correlation with (measured!) 1S0 phase shift at high scattering energies
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MM-DGP Emulator: Correlation w/ 1S0 Phase Shift
Explore correlations with 1S0 phse shift from 34 non-implausible interactions
Long-range component in 48Ca, 76Ge, 130Te, 136Xe

Clear correlation with (measured!) 1S0 phase shift at high scattering energies
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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
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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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New Scope of Ab Initio Theory
Possible to access most nuclei relevant for BSM searches!
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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
M. Bruneault, J. Padua
S. Leutheusser
E. Love            
K. Evidence, D. Kush
G. Tenkila, H. Patel, V. Chand  
B. Wong, X. Cao
S. R. Stroberg  N. Vassh

M. Martin
K. G. Leach

R. F. Garcia-Ruiz

J. Engel J. W. Holt
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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].

22
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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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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.
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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 
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�+ Decay

u u

d

u d

d

Proton

Neutron

W+

(g · Vud)

g
⌫e

e+

Slide 21 — Prof. Kyle Leach — PHGN 422: Nuclear Physics



D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2018-09-13

Superallowed Fermi Transitions
0+→ 0+ transitions: most stringent constraint on Vud from corrected (parameterized) lifetime

ECT*  April 2019D. Melconian

The current status of 𝑉௨ௗ (XVing Seng¶V Δோ and latest PERKEO III result):
Cutting to the chase

The standard 𝑇 ൌ 1/2 transitions Very small branch

𝑉 ௨
ௗ

0+ → 0+ neutron mirror pion

𝑉௨ௗ ൌ 0.97364ሺ14ሻ
𝜒2/3 ൌ 0.830, 𝐶𝐿 ൌ 48%

� Seng, Gorchtein, Patel and Ramsey-Musolf, PRL 121, 241084 (2018)
� Markisch, et al., arXiv:1812.04666 (submitted to PRL)

<latexit sha1_base64="q4VnLjeGb7PSBpiEwJSpxr944Es="></latexit>

Ft = ft(1 + �0R[1� (�C � �NS)] =
K/G2

F

2V 2
ud(1 +�V

R)

<latexit sha1_base64="EaHUN66T0QZViwaD/MYwpb8/kK4="></latexit>

GV = GFVud, where ft =
K

2G2
V

(isospin limit)
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4. Superallowed 0
+ ! 0

+
Fermi Decays

For transitions between J = 0 states, B(GT) = 0 by conservation of angular momen-
tum. Furthermore, in the limit in which isospin is a perfect symmetry, a “superallowed”
transition between T = 1 isobaric analogue states yields B(F) = 2, and so (12) reduces to
(I am also neglecting here radiative corrections, which have a non-negligible impact)

f t =
K

2G2
V

(isospin limit) (14)

(where here f = fV). This implies all superallowed 0+ ! 0+ should have the same f t
value, and that from this one may measure the coupling constant for semileptonic decay
GV , which is in turn related to the constant GF obtained from muon decay by GV = VudGF,
where Vud is the up-down element of the Cabibbo–Kobayashi–Maskawa (CKM) quark
mixing matrix. Consequently, precise f t measurements of superallowed 0+ ! 0+ decays
provide a sensitive test of the Standard Model: non-universality of superallowed f t values,
or non-unitarity of the CKM matrix would be signs of new physics.

Of course, isospin is not a perfect symmetry of the Standard Model. It is broken by the
quark electric charges, and the up-down mass difference. This is manifested at the nuclear
level as the Coulomb force between protons and isospin-violating strong interactions. The
Standard Model corrections to (14) have been parameterized by Towner and Hardy [6] as

F t ⌘ f t(1 + d0R)(1 + dNS � dC) =
K

2G2
VDV

R
. (15)

In (15) DV
R is a process-independent radiative correction [74], d0R is a radiative cor-

rection only depending on the electron energy and the charge of the daughter nucleus,
and dNS is a radiative correction depending on the detailed nuclear structure. The isospin-
symmetry-breaking correction dC accounts for the fact that the final state is not exactly an
isospin rotation of the initial state.

Consequently, only dNS and dC are the purview of nuclear structure theory. To draw
an analogy with the situation for Gamow–Teller decays, dC corresponds to including the
effects of correlations for the leading operator t, while the radiative corrections correspond
to sub-leading corrections to the operator, with dNS corresponding to two-body currents.
The difference here is that the corrections are sub-leading in the fine structure constant
a ⇡ 1/137 (or Za), as opposed to the chiral EFT expansion parameter Q ⇠ 1/4. The
various corrections are illustrated in Figure 4.
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Figure 4. Schematic high-resolution diagrams corresponding to (a) the leading operator t, (b) the
one-body correction leading to DV

R and d0R, and (c) the two-body correction leading to dNS.

In this paper, we focus on the dC correction, for no better reason than the operator
is the simplest to implement. Towner and Hardy decompose dC into a correction due to
isospin-breaking configuration mixing effects, and a correction due to the mismatch in
single-particle wave functions between protons and neutrons. As we will be treating both
within a consistent calculation, such a decomposition is not necessary (and ambiguous)
and we will simply use

dC = 1 � |MF|
2/2 (16)
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Superallowed Fermi Transitions
0+→ 0+ transitions: most stringent constraint on Vud from corrected (parameterized) lifetime

                 Nuclear structure theory
Isospin symmetry correction           
   dominates uncertainty in medium/heavy nuclei (and simple operator to calculate)

ECT*  April 2019D. Melconian

The current status of 𝑉௨ௗ (XVing Seng¶V Δோ and latest PERKEO III result):
Cutting to the chase

The standard 𝑇 ൌ 1/2 transitions Very small branch
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0+ → 0+ neutron mirror pion

𝑉௨ௗ ൌ 0.97364ሺ14ሻ
𝜒2/3 ൌ 0.830, 𝐶𝐿 ൌ 48%

� Seng, Gorchtein, Patel and Ramsey-Musolf, PRL 121, 241084 (2018)
� Markisch, et al., arXiv:1812.04666 (submitted to PRL)
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4. Superallowed 0
+ ! 0

+
Fermi Decays

For transitions between J = 0 states, B(GT) = 0 by conservation of angular momen-
tum. Furthermore, in the limit in which isospin is a perfect symmetry, a “superallowed”
transition between T = 1 isobaric analogue states yields B(F) = 2, and so (12) reduces to
(I am also neglecting here radiative corrections, which have a non-negligible impact)

f t =
K

2G2
V

(isospin limit) (14)

(where here f = fV). This implies all superallowed 0+ ! 0+ should have the same f t
value, and that from this one may measure the coupling constant for semileptonic decay
GV , which is in turn related to the constant GF obtained from muon decay by GV = VudGF,
where Vud is the up-down element of the Cabibbo–Kobayashi–Maskawa (CKM) quark
mixing matrix. Consequently, precise f t measurements of superallowed 0+ ! 0+ decays
provide a sensitive test of the Standard Model: non-universality of superallowed f t values,
or non-unitarity of the CKM matrix would be signs of new physics.

Of course, isospin is not a perfect symmetry of the Standard Model. It is broken by the
quark electric charges, and the up-down mass difference. This is manifested at the nuclear
level as the Coulomb force between protons and isospin-violating strong interactions. The
Standard Model corrections to (14) have been parameterized by Towner and Hardy [6] as

F t ⌘ f t(1 + d0R)(1 + dNS � dC) =
K

2G2
VDV

R
. (15)

In (15) DV
R is a process-independent radiative correction [74], d0R is a radiative cor-

rection only depending on the electron energy and the charge of the daughter nucleus,
and dNS is a radiative correction depending on the detailed nuclear structure. The isospin-
symmetry-breaking correction dC accounts for the fact that the final state is not exactly an
isospin rotation of the initial state.

Consequently, only dNS and dC are the purview of nuclear structure theory. To draw
an analogy with the situation for Gamow–Teller decays, dC corresponds to including the
effects of correlations for the leading operator t, while the radiative corrections correspond
to sub-leading corrections to the operator, with dNS corresponding to two-body currents.
The difference here is that the corrections are sub-leading in the fine structure constant
a ⇡ 1/137 (or Za), as opposed to the chiral EFT expansion parameter Q ⇠ 1/4. The
various corrections are illustrated in Figure 4.
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Figure 4. Schematic high-resolution diagrams corresponding to (a) the leading operator t, (b) the
one-body correction leading to DV

R and d0R, and (c) the two-body correction leading to dNS.

In this paper, we focus on the dC correction, for no better reason than the operator
is the simplest to implement. Towner and Hardy decompose dC into a correction due to
isospin-breaking configuration mixing effects, and a correction due to the mismatch in
single-particle wave functions between protons and neutrons. As we will be treating both
within a consistent calculation, such a decomposition is not necessary (and ambiguous)
and we will simply use

dC = 1 � |MF|
2/2 (16)
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Progress of Ab Initio Theory Since 2010
2010: Limited capabilities for 3N forces; 16O heaviest

Courtesy: H. Hergert, A. Belley

Towner, Hardy: Phenomenological shell model
  Difficult to assign rigorous theoretical uncertainties
  No connection to underlying nuclear/weak forces

Can we treat with ab initio theory?
  Relevant nuclei typically open shell
  Medium to heavy mass region
  Uncertainty quantification; connection to QCD
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Explore ab initio isospin symmetry breaking
Isobaric mass multiplet equation (IMME) relates energies between members of multiplets

Compare ab initio with experimental determination of IMME coefficients to gauge success
Calculate all nuclei relevant for superallowed transitions; 2 NN+3N forces
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E(Tz) = a+ bTz + cT 2
z

Ragnar Stroberg University of Notre Dame 9

Isobaric multiplet mass equation (IMME)

E(Tz) = a + bTz + cT2
z + …
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Ab initio IMME: bare vs IMSRG
Isobaric mass multiplet equation (IMME) relates energies between members of multiplets

Bands: normal ordering reference dependence
Overall little effect/improvement when applying IMSRG transformation for both b, c
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FIG. 3. IMME b coefficients for ab initio calculations both with
and without IMSRG evolution, subtracting the contributions from a
uniformly charged sphere of radius R = 1.2A1/3 fm.

radii predicted by the 1.8/2.0 (EM) should lead to an increase
in the c coefficient magnitude on the order of a few percent.
This can be seen in Fig. 2, but the effect is mostly washed out
by the reference dependence for normal ordering.

To estimate the relative contributions of Coulomb and
strong ISB forces, we consistently IMSRG evolved the
Coulomb operator and evaluated it in first-order perturbation
theory for the sd shell cases. We found this accounts for
1/3–1/2 of the magnitude of the c coefficient. The remaining
contribution comes both from strong ISB forces and from
isospin-conserving forces acting on Coulomb distorted wave
functions.

B. Effects of IMSRG evolution

The most prominent feature of the VS-IMSRG calculations
in Figs. 1 and 2 are the deviations near harmonic-oscillator
shell closures. However, these inconsistencies are well-
documented limitations of the IMSRG(2) approximation (e.g.,
Ref. [25]). With this in mind, it is expected that moving
beyond IMSRG(2), and retaining at least some 3N operators,
should reduce deviations seen at harmonic-oscillator shell
closures. Unfortunately, this cannot be investigated directly
at this time, but we can nevertheless explore the impact of
the IMSRG evolution by comparing to calculations with un-
evolved operators.

As illustrated in Ref. [50], the IMSRG evolution acts in
roughly the same manner on each mass in an IAT, and as such,
the effects are not necessarily obvious. To further explore this
issue, we employ the same two chiral interactions, 1.8/2.0
(EM) and N2LOsat, and calculate IMME coefficients for IATs
without performing IMSRG evolution. These calculations,
done at emax = 12 and with all operators normal ordered
with respect to the Hartree-Fock ground state of the Tz = 0
nucleus, are compared to the coefficients presented above in
Figs. 3 and 4. Examining IMME coefficients from the bare
chiral interactions, i.e., those done without IMSRG evolution,
shows that deviations near harmonic-oscillator shell closures

FIG. 4. IMME c coefficients for ab initio calculations both with
and without IMSRG evolution.

are generally not present. While the bare N2LOsat calculations
of the b coefficient do show larger deviations from experi-
mental data than the other cases, they are systematic across
all regions. These observations indicate that the deviations
near major oscillator shell closures are indeed a result of the
IMSRG evolution.

In comparing to the bare interaction calculations, we
further note that there is no apparent improvement from IM-
SRG evolution. With the lone exception of the bare N2LOsat
calculations of the b coefficient, better agreement between
experimental data and ab initio calculations is always seen
for the bare interactions. This is again somewhat surpris-
ing, as absolute ground-state energies in nuclei are much
better reproduced after IMSRG evolution, and IMME coeffi-
cients are directly calculated from binding energies. Because
of the decreased quality of the IMME coefficients after
IMSRG evolution, we expect that while moving beyond
the IMSRG(2) approximation may help control deviations
due to reference state dependence as well as those near
harmonic-oscillator shell closures, systematic agreement of
calculated IMME coefficients with experimental data may not
be improved.

IV. CONCLUDING REMARKS

Analysis of the IMME coefficients show that although
ab initio calculations are able to systematically reproduce
their overall magnitude, the finer details seen in experimental
data are generally not. Dependence on the choice of normal-
ordering reference, which would have no effect on the final
calculation if all induced operators were retained through-
out the IMSRG calculation, are of the same magnitude as
both the deviation from experimental data and the depen-
dence on the initial chiral interaction. Additional deviations
when approaching the edge of the employed valence space
are observed, and are attributed to the impact of truncating
induced many-body forces. Since IMSRG evolution does not
systematically improve agreement with experiment, without a
more detailed understanding of the source of this theoretical
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Ab initio IMME: bare vs IMSRG
Isobaric mass multiplet equation (IMME) relates energies between members of multiplets

Compare VS-IMSRG b, c coefficients to HF and results from a uniform charged sphere

Systematics already largely captured (better) by mean field or charged sphere
Ambiguous results… turn to superallowed Fermi transitions
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Superallowed Fermi Transitions
0+→ 0+ transitions: most stringent constraint on Vud from corrected (parameterized) lifetime

            ~ Effect of correlations outside valence space

            ~ Effect of two-body currents
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4. Superallowed 0
+ ! 0

+
Fermi Decays

For transitions between J = 0 states, B(GT) = 0 by conservation of angular momen-
tum. Furthermore, in the limit in which isospin is a perfect symmetry, a “superallowed”
transition between T = 1 isobaric analogue states yields B(F) = 2, and so (12) reduces to
(I am also neglecting here radiative corrections, which have a non-negligible impact)

f t =
K

2G2
V

(isospin limit) (14)

(where here f = fV). This implies all superallowed 0+ ! 0+ should have the same f t
value, and that from this one may measure the coupling constant for semileptonic decay
GV , which is in turn related to the constant GF obtained from muon decay by GV = VudGF,
where Vud is the up-down element of the Cabibbo–Kobayashi–Maskawa (CKM) quark
mixing matrix. Consequently, precise f t measurements of superallowed 0+ ! 0+ decays
provide a sensitive test of the Standard Model: non-universality of superallowed f t values,
or non-unitarity of the CKM matrix would be signs of new physics.

Of course, isospin is not a perfect symmetry of the Standard Model. It is broken by the
quark electric charges, and the up-down mass difference. This is manifested at the nuclear
level as the Coulomb force between protons and isospin-violating strong interactions. The
Standard Model corrections to (14) have been parameterized by Towner and Hardy [6] as

F t ⌘ f t(1 + d0R)(1 + dNS � dC) =
K

2G2
VDV

R
. (15)

In (15) DV
R is a process-independent radiative correction [74], d0R is a radiative cor-

rection only depending on the electron energy and the charge of the daughter nucleus,
and dNS is a radiative correction depending on the detailed nuclear structure. The isospin-
symmetry-breaking correction dC accounts for the fact that the final state is not exactly an
isospin rotation of the initial state.

Consequently, only dNS and dC are the purview of nuclear structure theory. To draw
an analogy with the situation for Gamow–Teller decays, dC corresponds to including the
effects of correlations for the leading operator t, while the radiative corrections correspond
to sub-leading corrections to the operator, with dNS corresponding to two-body currents.
The difference here is that the corrections are sub-leading in the fine structure constant
a ⇡ 1/137 (or Za), as opposed to the chiral EFT expansion parameter Q ⇠ 1/4. The
various corrections are illustrated in Figure 4.
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Figure 4. Schematic high-resolution diagrams corresponding to (a) the leading operator t, (b) the
one-body correction leading to DV

R and d0R, and (c) the two-body correction leading to dNS.

In this paper, we focus on the dC correction, for no better reason than the operator
is the simplest to implement. Towner and Hardy decompose dC into a correction due to
isospin-breaking configuration mixing effects, and a correction due to the mismatch in
single-particle wave functions between protons and neutrons. As we will be treating both
within a consistent calculation, such a decomposition is not necessary (and ambiguous)
and we will simply use

dC = 1 � |MF|
2/2 (16)
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Superallowed Fermi Transitions
0+→ 0+ transitions: most stringent constraint on Vud from corrected (parameterized) lifetime

            ~ Effect of correlations outside valence space

            ~ Effect of two-body currents
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In (15) DV
R is a process-independent radiative correction [74], d0R is a radiative cor-

rection only depending on the electron energy and the charge of the daughter nucleus,
and dNS is a radiative correction depending on the detailed nuclear structure. The isospin-
symmetry-breaking correction dC accounts for the fact that the final state is not exactly an
isospin rotation of the initial state.

Consequently, only dNS and dC are the purview of nuclear structure theory. To draw
an analogy with the situation for Gamow–Teller decays, dC corresponds to including the
effects of correlations for the leading operator t, while the radiative corrections correspond
to sub-leading corrections to the operator, with dNS corresponding to two-body currents.
The difference here is that the corrections are sub-leading in the fine structure constant
a ⇡ 1/137 (or Za), as opposed to the chiral EFT expansion parameter Q ⇠ 1/4. The
various corrections are illustrated in Figure 4.
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an analogy with the situation for Gamow–Teller decays, dC corresponds to including the
effects of correlations for the leading operator t, while the radiative corrections correspond
to sub-leading corrections to the operator, with dNS corresponding to two-body currents.
The difference here is that the corrections are sub-leading in the fine structure constant
a ⇡ 1/137 (or Za), as opposed to the chiral EFT expansion parameter Q ⇠ 1/4. The
various corrections are illustrated in Figure 4.
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Figure 4. Schematic high-resolution diagrams corresponding to (a) the leading operator t, (b) the
one-body correction leading to DV

R and d0R, and (c) the two-body correction leading to dNS.

In this paper, we focus on the dC correction, for no better reason than the operator
is the simplest to implement. Towner and Hardy decompose dC into a correction due to
isospin-breaking configuration mixing effects, and a correction due to the mismatch in
single-particle wave functions between protons and neutrons. As we will be treating both
within a consistent calculation, such a decomposition is not necessary (and ambiguous)
and we will simply use

dC = 1 � |MF|
2/2 (16)

<latexit sha1_base64="P2c1oePJaENLpT8zg71V8CrszH4=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgqiRSqsuCG1dS0T6gCWEyuWmHTh7MTIQSsnHjr7hxoYhb/8Gdf+M0zUJbD1w4nHPvzL3HSxgV0jS/tcrK6tr6RnWztrW9s7un7x/0RJxyAl0Ss5gPPCyA0Qi6kkoGg4QDDj0GfW9yNfP7D8AFjaN7OU3ACfEoogElWCrJ1Y8zu3gk4+Dntg9MYje7uctzW9DQ1etmwyxgLBOrJHVUou PqX7YfkzSESBKGhRhaZiKdDHNJCYO8ZqcCEkwmeARDRSMcgnCyYoHcOFWKbwQxVxVJo1B/T2Q4FGIaeqozxHIsFr2Z+J83TGVw6WQ0SlIJEZl/FKTMkLExi8TwKQci2VQRTDhVuxpkjDkmUgVXUyFYiycvk955w2o1mrfNertVxlFFR+gEnSELXaA2ukYd1EUEPaJn9IretCftRXvXPuatFa2cOUR/oH3+ANulmWk=</latexit>

�NS ⇠

<latexit sha1_base64="zW2NZPAfPfdMH4kSNf9S/6q89Uo=">AAACA3icbVDLSsNAFJ3UV62vqDvdBIvoqiRSqsuCG5dV7AOaECaTm3bo5MHMRCgh4MZfceNCEbf+hDv/xmmahbYeuHA45965c4+XMCqkaX5rlZXVtfWN6mZta3tnd0/fP+iJOOUEuiRmMR94WACjEXQllQwGCQccegz63uR65vcfgAsaR/dymoAT4lFEA0qwVJKrH2V28UjGwc9tH5jEZ+5dbgsaunrdbJgFjGVilaSOSnRc/cv2Y5KGEEnCsBBDy0ykk2EuKWGQ1+xUQILJBI9gqGiEQxBOVqzPjVOl+EYQc1WRNAr190SGQyGmoac6QyzHYtGbif95w1QGV05GoySVEJH5oiBlhoyNWSCGTzkQyaaKYMKp+qtBxphjIlVsNRWCtXjyMuldNKxWo3nbrLdbZRxVdIxO0Dmy0CVqoxvUQV1E0CN6Rq/oTXvSXrR37WPeWtHKmUP0B9rnD8SumDU=</latexit>

�0R ⇠

Isospin-symmetry
breaking

Structure-independent
radiative correction

Structure-dependent
radiative correction



D
is
co
ve
ry
,

ac
ce
le
ra
te
d

2018-09-13

Treatment of SD Radiative Corrections in NCSM 

24

▪ Nuclear matrix elements for 𝛾𝑊-box
1) Express currents in momentum space
2) Multipole expansion of current operators
3) Connect currents to effective one–body operators

Compton amplitude in the NCSM

Lanczos continued fractions 
method to compute Green’s 

functions!

Courtesy, M. Gennari
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Comment on many-body convergence Preliminary

Next step: implement in VS-IMSRG for all superallowed nuclei Courtesy, M. Gennari
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Superallowed Fermi Transitions
0+→ 0+ transitions: most stringent constraint on Vud from corrected (parameterized) lifetime

            ~ Effect of correlations outside valence space

            ~ Effect of two-body currents
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4. Superallowed 0
+ ! 0

+
Fermi Decays

For transitions between J = 0 states, B(GT) = 0 by conservation of angular momen-
tum. Furthermore, in the limit in which isospin is a perfect symmetry, a “superallowed”
transition between T = 1 isobaric analogue states yields B(F) = 2, and so (12) reduces to
(I am also neglecting here radiative corrections, which have a non-negligible impact)

f t =
K

2G2
V

(isospin limit) (14)

(where here f = fV). This implies all superallowed 0+ ! 0+ should have the same f t
value, and that from this one may measure the coupling constant for semileptonic decay
GV , which is in turn related to the constant GF obtained from muon decay by GV = VudGF,
where Vud is the up-down element of the Cabibbo–Kobayashi–Maskawa (CKM) quark
mixing matrix. Consequently, precise f t measurements of superallowed 0+ ! 0+ decays
provide a sensitive test of the Standard Model: non-universality of superallowed f t values,
or non-unitarity of the CKM matrix would be signs of new physics.

Of course, isospin is not a perfect symmetry of the Standard Model. It is broken by the
quark electric charges, and the up-down mass difference. This is manifested at the nuclear
level as the Coulomb force between protons and isospin-violating strong interactions. The
Standard Model corrections to (14) have been parameterized by Towner and Hardy [6] as

F t ⌘ f t(1 + d0R)(1 + dNS � dC) =
K

2G2
VDV

R
. (15)

In (15) DV
R is a process-independent radiative correction [74], d0R is a radiative cor-

rection only depending on the electron energy and the charge of the daughter nucleus,
and dNS is a radiative correction depending on the detailed nuclear structure. The isospin-
symmetry-breaking correction dC accounts for the fact that the final state is not exactly an
isospin rotation of the initial state.

Consequently, only dNS and dC are the purview of nuclear structure theory. To draw
an analogy with the situation for Gamow–Teller decays, dC corresponds to including the
effects of correlations for the leading operator t, while the radiative corrections correspond
to sub-leading corrections to the operator, with dNS corresponding to two-body currents.
The difference here is that the corrections are sub-leading in the fine structure constant
a ⇡ 1/137 (or Za), as opposed to the chiral EFT expansion parameter Q ⇠ 1/4. The
various corrections are illustrated in Figure 4.
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Figure 4. Schematic high-resolution diagrams corresponding to (a) the leading operator t, (b) the
one-body correction leading to DV

R and d0R, and (c) the two-body correction leading to dNS.

In this paper, we focus on the dC correction, for no better reason than the operator
is the simplest to implement. Towner and Hardy decompose dC into a correction due to
isospin-breaking configuration mixing effects, and a correction due to the mismatch in
single-particle wave functions between protons and neutrons. As we will be treating both
within a consistent calculation, such a decomposition is not necessary (and ambiguous)
and we will simply use

dC = 1 � |MF|
2/2 (16)

Particles 2021, 4 528

4. Superallowed 0
+ ! 0

+
Fermi Decays

For transitions between J = 0 states, B(GT) = 0 by conservation of angular momen-
tum. Furthermore, in the limit in which isospin is a perfect symmetry, a “superallowed”
transition between T = 1 isobaric analogue states yields B(F) = 2, and so (12) reduces to
(I am also neglecting here radiative corrections, which have a non-negligible impact)

f t =
K

2G2
V

(isospin limit) (14)

(where here f = fV). This implies all superallowed 0+ ! 0+ should have the same f t
value, and that from this one may measure the coupling constant for semileptonic decay
GV , which is in turn related to the constant GF obtained from muon decay by GV = VudGF,
where Vud is the up-down element of the Cabibbo–Kobayashi–Maskawa (CKM) quark
mixing matrix. Consequently, precise f t measurements of superallowed 0+ ! 0+ decays
provide a sensitive test of the Standard Model: non-universality of superallowed f t values,
or non-unitarity of the CKM matrix would be signs of new physics.

Of course, isospin is not a perfect symmetry of the Standard Model. It is broken by the
quark electric charges, and the up-down mass difference. This is manifested at the nuclear
level as the Coulomb force between protons and isospin-violating strong interactions. The
Standard Model corrections to (14) have been parameterized by Towner and Hardy [6] as

F t ⌘ f t(1 + d0R)(1 + dNS � dC) =
K

2G2
VDV

R
. (15)

In (15) DV
R is a process-independent radiative correction [74], d0R is a radiative cor-

rection only depending on the electron energy and the charge of the daughter nucleus,
and dNS is a radiative correction depending on the detailed nuclear structure. The isospin-
symmetry-breaking correction dC accounts for the fact that the final state is not exactly an
isospin rotation of the initial state.

Consequently, only dNS and dC are the purview of nuclear structure theory. To draw
an analogy with the situation for Gamow–Teller decays, dC corresponds to including the
effects of correlations for the leading operator t, while the radiative corrections correspond
to sub-leading corrections to the operator, with dNS corresponding to two-body currents.
The difference here is that the corrections are sub-leading in the fine structure constant
a ⇡ 1/137 (or Za), as opposed to the chiral EFT expansion parameter Q ⇠ 1/4. The
various corrections are illustrated in Figure 4.

en̄

n

p
W

(a)

en̄

n

p

g

W

(b)

en̄

n

p

p

g

W

(c)

Figure 4. Schematic high-resolution diagrams corresponding to (a) the leading operator t, (b) the
one-body correction leading to DV

R and d0R, and (c) the two-body correction leading to dNS.

In this paper, we focus on the dC correction, for no better reason than the operator
is the simplest to implement. Towner and Hardy decompose dC into a correction due to
isospin-breaking configuration mixing effects, and a correction due to the mismatch in
single-particle wave functions between protons and neutrons. As we will be treating both
within a consistent calculation, such a decomposition is not necessary (and ambiguous)
and we will simply use

dC = 1 � |MF|
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Superallowed Fermi Transitions
Ab initio calculations of all cases with 1.8/2.0 (EM) interaction

Standard approach (T/H): Split contribution

Ab initio approach: calculate directly

|MF |2 = |M0
F |2(1� �C)
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Superallowed Fermi Transitions
Ab initio calculations of all cases with 1.8/2.0 (EM) interaction

Standard approach (T/H): Split contribution

Ab initio approach: calculate directly

Results comparable to T-H and DFT

Isospin mixing correction �C

K. Leach, CIPANP 2018 conference

Ragnar Stroberg (University of Washington) � decay with the VS-IMSRG April 11, 2019 17 / 23

Leach, Holt, arXiv:1809.10793
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<latexit sha1_base64="Gc26sUJ8pGH86JIEEGgtqREXZak=">AAACDXicbZDLSgMxFIbPeK31NurSTbAKglBmSqluhEI3LivYC7TDkMmkbWjmQpIRyjAv4MZXceNCEbfu3fk2pu2A2vpD4Mt/ziE5vxdzJpVlfRkrq2vrG5uFreL2zu7evnlw2JZRIghtkYhHouthSTkLaUsxxWk3FhQHHqcdb9yY1jv3VEgWhXdqElMnwMOQDRjBSluuedr3KVfYbaBrlGPasDN08XOrZK5ZssrWTGgZ7BxKkKvpmp99PyJJQENFOJayZ1uxclIsFCOcZsV+ImmMyRgPaU9jiAMqnXS2TYbOtOOjQST0CRWaub8nUhxIOQk83RlgNZKLtan5X62XqMGVk7IwThQNyfyhQcKRitA0GuQzQYniEw2YCKb/isgIC0yUDrCoQ7AXV16GdqVs18rV22qpXsvjKMAxnMA52HAJdbiBJrSAwAM8wQu8Go/Gs/FmvM9bV4x85gj+yPj4BkA5mmM=</latexit>

�C = �C1 + �C2

Configuration mixing       wavefunction mismatch

<latexit sha1_base64="jmaTRXaTV63Y4g8mnhms0Do7wAI=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4sSSlVDdCoSBuhAr2AU0Mk8mkHTp5MDMRSpqNG3/FjQtF3PoP7vwbp20W2nrgwuGce7n3HjdmVEjD+NaWlldW19YLG8XNre2dXX1vvy2ihGPSwhGLeNdFgjAakpakkpFuzAkKXEY67rAx8TsPhAsahXdyFBM7QP2Q+hQjqSRHP7I8wiRyGpfmmeVzhNPxjXM1vq9kaSVz9JJRNqaAi8TMSQnkaDr6l+VFOAlIKDFDQvRMI5Z2irikmJGsaCWCxAgPUZ/0FA1RQISdTr/I4IlSPOhHXFUo4VT9PZGiQIhR4KrOAMmBmPcm4n9eL5H+hZ3SME4kCfFskZ8wKCM4iQR6lBMs2UgRhDlVt0I8QCoLqYIrqhDM+ZcXSbtSNmvl6m21VK/lcRTAITgGp8AE56AOrkETtAAGj+AZvII37Ul70d61j1nrkpbPHIA/0D5/AJRBl/c=</latexit>

�C = 1� |MF |2

2
<latexit sha1_base64="fzfBvbqzCUfGURK+xeAeivlA3Gs=">AAACEHicbVDLSgMxFM3UV62vqks3wSK6KjNSqguVglDcCBXsAzrDkEkzbWjmQXJHKNN+ght/xY0LRdy6dOffmD4W2nog4eSce7m5x4sFV2Ca30ZmaXlldS27ntvY3Nreye/uNVSUSMrqNBKRbHlEMcFDVgcOgrViyUjgCdb0+tdjv/nApOJReA+DmDkB6Ybc55SAltz88a1bvbQF8+HCrinuVodDG0ii7/GLY1vybg/wlZsvmEVzArxIrBkpoBlqbv7L7kQ0CVgIVBCl2pYZg5MSCZwKNsrZiWIxoX3SZW1NQxIw5aSThUb4SCsd7EdSnxDwRP3dkZJAqUHg6cqAQE/Ne2PxP6+dgH/upDyME2AhnQ7yE4EhwuN0cIdLRkEMNCFUcv1XTHtEEgo6w5wOwZpfeZE0TotWuVi6KxUq5VkcWXSADtEJstAZqqAbVEN1RNEjekav6M14Ml6Md+NjWpoxZj376A+Mzx8z+pyr</latexit>

MF = h F ||⌧ || ii
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Convergence Issues
Can we provide rigorous uncertainty estimates?

Significant effect from 1b to 1b+2b
Significant reference-state dependence in some cases; unclear convergence with emax

Large effect from CC with continuum indicates generally difficult for ab inito

p-shell sd-shell
pf-shell
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Natural Orbitals (perturbatively improved) basis:

                 

Dramatic improvement in energies and radii

Can it help with superallowed convergence? 

Potential Improvement: Natural Orbitals Basis

Approximation Process

● 3D Harmonic Oscillator

○ Harmonic Oscillator (HO) basis

● Mean Field Theory

○ Hartree Fock (HF) basis

● Perturbation Theory

○ Natural Orbitals (NAT) basis

● IMSRG

Natural Orbitals Basis

Add perturbations caused by interactions 
between particles to the HF-basis system
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Natural Orbitals (perturbatively improved) basis:

                 

Dramatic improvement in energies and radii

Can it help with superallowed convergence?

Potential Improvement: Natural Orbitals Basis

Approximation Process

● 3D Harmonic Oscillator

○ Harmonic Oscillator (HO) basis

● Mean Field Theory

○ Hartree Fock (HF) basis

● Perturbation Theory

○ Natural Orbitals (NAT) basis

● IMSRG

Natural Orbitals Basis

Add perturbations caused by interactions 
between particles to the HF-basis system Can we just start with a larger state space, then truncate?
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Natural Orbitals (perturbatively improved) basis:

Medium mass:
 consistent results for NAT orbitals chosen    

potentially small reference-state dependence
 still unclear emax convergence

Potential Improvement: Natural Orbitals Basis
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Natural Orbitals (perturbatively improved) basis:

Medium mass:
 consistent results for NAT orbitals chosen    

potentially small reference-state dependence
 still unclear emax convergence

Lighter systems
 “quirks” in convergence…

Work still in progress…

Potential Improvement: Natural Orbitals Basis
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Ab Initio SD WIMP/v-Nucleus Response Overview
Use three NN+3N chiral interactions with consistent chiral currents
Overall similar to phenomenology at low q, largest discrepancies in 127I

New structure functions for all SD direct-detection candidates


