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The Next Big Discovery: 0νββ-decay? 

Progress in large-scale searches pushing towards IH 
 

Essential ingredient: 
Nuclear matrix element 
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The Next Big Discovery: 0νββ-decay? 

Progress in large-scale searches pushing towards IH 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Uncertainty from Nuclear Matrix Element; bands do not represent rigorous uncertainties 
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0νββ-Decay Nuclear Matrix Element Status 

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

Impossible to assign rigorous uncertainties 

Review

7

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

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

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

Rep. Prog. Phys. 80 (2017) 046301

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

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

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

Rep. Prog. Phys. 80 (2017) 046301
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

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

Many direct-detection searches underway worldwide 
 
 
 
 
 
 
 
 
 
 
 
 
 
Direct detection: 
 

Leading candidates: neutralinos  
 

Couples primarily to scalar and axial-vector currents in atomic nuclei 

From CDMS collaboration 

Observation of nuclear recoil X SM ! X SM

Wikipedia Commons 



Next Big Discovery: Nature of Dark Matter? 

Exclusion plots for WIMP-nucleon total cross section (spin-dependent) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Differential cross section: compare results from different target nuclei 
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Next Big Discovery: Nature of Dark Matter? 

Exclusion plots for WIMP-nucleon total cross section (spin-dependent) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Differential cross section: compare results from different target nuclei 
 

      Structure functions required from nuclear theory d�
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Spin-Dependent Structure Factors 

Phenomenological wfs + inconsistent bare operator (with two-body currents) 
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Ab Initio Theory 

Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
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Ab Initio Approach: Interactions 

Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
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Ab Initio Approach: Interactions 

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

   - Nuclear forces (low-energy QCD) 
   - Electroweak physics 
 

Chiral	effec6ve	field	theory,	in	principle	
	

Systema)c	expansion	of	nuclear	interac)ons	
	

Consistent	3N	forces,	electroweak	currents	
	

Quan)fiable	uncertain)es	possible	
 

In practice, use EFT as guidance - all available Hamiltonians exhibit some deficiencies 

H n = En n



Ab Initio Approach: Many-Body Methods 

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

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

H n = En n



Breadth of Ab Initio Many-Body Methods 

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

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

H n = En n

10-15	years	ago	
8-10	years	ago	
3-5	years	ago	



Breadth of Ab Initio Many-Body Methods 

pf?	

sd?	
0νββ-decay candidates 
   open-shell, medium/heavy-mass, deformed 
 

48Ca, 76Ge, 82Se, 130Te, 136Xe within reach  
 

sdg?	

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

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

H n = En n

10-15	years	ago	
8-10	years	ago	
3-5	years	ago	



 

                                                Step 1: Decouple core 
 
 
                                                Can we achieve accuracy 
                                                 of large-space methods? 
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Morris, Parzuchowski, Bogner, PRC 2015 

Explicitly construct unitary transformation from sequence of rotations 
 
 
 
 
 
 
All operators truncated at two-body level IMSRG(2) 
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                                                Step 1: Decouple core 
                                                Step 2: Decouple valence space 
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Microscopic/E↵ective approach

E↵ective Interaction

Goal: Find a unitary transformation U
such that

H̃ = UHU †

hP |H̃|Qi = hQ|H̃|P i = 0

h ̃i|P̂ H̃P̂ | ̃ii = h i|H| ii

Ragnar Stroberg (TRIUMF) Valence space IM-SRG May 26, 2016 6 / 30
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                                               Step 1: Decouple core 
                                               Step 2: Decouple valence space 
                                               Step 3: Decouple additional operators 
 
 

 
 
 

       Careful benchmarking essential    
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Explicitly construct unitary transformation from sequence of rotations 
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Valence-Space IMSRG: From Oxygen to Nickel 

New approach accesses *all* nuclei: agrees to 1% with large-space methods 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Agreement with experiment deteriorates for heavy chains (due to input Hamiltonian) 
 

Significant gain in applicability with little/no sacrifice in accuracy 
 

Low computational cost: ~1 node-day/nucleus 

Stroberg et al., PRL (2017) 



NN+3N force with good reproduction of ground-state energies (but poor radii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.8/2.0 (EM) reproduces ground-state energies through 78Ni 
 

Slight underbinding for neutron-rich oxygen 

Connection to Infinite Matter: Saturation as a Guide for Nuclei 
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From G. Hagen 



Forces with good saturation 

Isotopic chains: dramatic improvement with respect to experimental data 
 
 
 
 
 
 
 
 
 
 
 
 
Opens possibility for reliable ab initio predictions across the nuclear chart! 
 

Accesses all properties of all nuclei: 
 

   - Ground states, excited states, radii, electroweak transitions… 
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Breadth of Ab Initio Many-Body Methods 

pf	

sd	
0νββ-decay candidates 
   open-shell, medium/heavy-mass, deformed 
 

48Ca, 76Ge, 82Se, 130Te, 136Xe within reach  
 

sdg	

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

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

H n = En n

Extends range to all nuclei to global scale: N,Z≈50 

10-15	years	ago	
8-10	years	ago	
3-5	years	ago	
Today	



Where (and what) is the nuclear dripline? 
Limits defined as last isotope with positive neutron separation energy 
    - Nucleons “drip” out of nucleus 
Neutron dripline experimentally established to Z=8  

I: Global Calculations and the Nuclear Driplines 

Ab initio prediction 
(2016) 
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Same result from same input NN+3N forces 
 

Already well beyond where fit to data! 



Global Ab Initio Calculations 
Effectively takes ab initio calculations to a global scale – up to N,Z~50 
 
 
            

 
          B-W Mass formula:  3.1 Z<28 
                  3.5 Z<20 

 
 
 
 
 
rms deviation at level of BW Mass formula (EDF models; UNEDF1 rms=1.8MeV) 
 

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

How does deviation from experiment look for separation energies (relevant for drip lines)? 

0 10 20 30 40 50

Neutron number N

5

10

15

20

25

P
ro

to
n

nu
m

be
r
Z

H
He

Li
Be

B
C
N

O
F

Ne
Na

Mg
Al

Si
P

S
Cl

Ar
K

Ca
Sc
Ti

V
Cr

Mn
Fe

Confirmed dripline

Last known

0.0

0.2

0.4

0.6

0.8

1.0

P
ro

b.
B
ou

nd

0 20 40
N

�5

0

5

�Egs

rms=3.30



Shell Closures in Neutron-Rich Ni 

Defect 1: Clear artifacts when changing valence spaces 
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Shell Closures in Neutron-Rich Ni 
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Defect 1: Clear artifacts when changing valence spaces 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Introduces errors for separation energies near HO shell closures 



Global Ab Initio Calculations 
Potential errors at shell closures from changing valence spaces 
 

Differentiate between “closure” and “no closure” cases 
 
 
            

 
 
 
 
 
 
 
 
 
Distributions approximately Gaussian 
 

Non closed shells approximately centered at 0; rms approximately 1MeV 

All data:
mean = -0.35
std. dev.=1.41

No closure:
mean = 0.06
std. dev.=1.09

�6 �5 �4 �3 �2 �1 0 1 2 3
S2n (Th.-Exp.) [MeV]

Closure :
mean = -1.26
std. dev.=1.60

�O ⌘ O(th) �O(exp)
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Distribution of Separation Energies 
Defect 2: Incomplete infrared convergence near threshold – clear trend in residuals  
 
 
            

 
 
 
 
 
 
 
 
 
 
Separate trends for VS change and no change 
 

Correct VS-IMSRG results with linear fit of residuals 
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Global Ab Initio Calculations 
All corrected distributions approximately Gaussian centered at 0 
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Global Ab Initio Calculations 
All corrected distributions approximately Gaussian centered at 0 
 
 
            

 
 
 
 
 
 
 
 
 
 
 

Certain residuals correlated – must correct for this in probabilities 
 

Assume unmeasured nuclei also follow this distribution 
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Estimating Dripline Uncertainties 
Determine rms deviation from experiment – extrapolate this uncertainty beyond data 
 
 
            

 
 
 
 
 
 
 
 
 
 
 

Determine range of likely separation energies reaching 0 
 

Assign probability that a particular nucleus is bound 
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Estimating Dripline Uncertainties 
First predictions of proton and neutron driplines from first principles 
 
 
            

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

JDH, Stroberg, Schwenk in prep 
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Comparison with DFT Dripline Predictions 
Recent DFT analysis from Si-Ti based on Bayesian machine learning 
 
 
            

 
 
 
 
 
 
 
 
          Largely consistent prediction of drip line 

 
 in the Ca region. In this respect UNEDF0þ GP is superior,

see Table S1 in the SM. We emphasize that conditioning
with respect to these three nuclei corresponds actually to
conditioning over the observed nuclei in the whole Ca
region, since other experimentally-observed isotopes
are predicted to be bound by the global models considered.
The values of pex obtained in this way are shown in
Fig. 3(b).
As shown in Figs. 2 and 3, the nucleus 68Ca is expected

to be bound. However, as seen in Fig. 2, S2n approaches
zero very gradually; this results in a spread of predictions of
individual models. According to the average pex, 61Ca and
71Ti are expected to be 1n unstable while the 2n drip line
extends all the way to 72Ca and 78Ti. The nucleus 59K—for
which one event was registered in Ref. [5]—is expected to
be firmly neutron bound. By comparing Figs. 3(a) and 3(b)
one can immediately assess the impact of the discovery of
52Cl, 53Ar, and 49S on drip-line predictions: the 2n drip line
obtained with posterior weights generally extends by two
neutron numbers for odd-Z chains.
Conclusions.—In summary, in this Letter we quantified

the neutron stability of the nucleus in terms of its existence
probability pex, i.e., the Bayesian posterior probability that
the neutron separation energy is positive. Our results are
fairly consistent with recent experimental findings [5]: 60Ca

is expected to be well bound with S2n ≈ 5 MeV while 49S,
52Cl, and 53Ar are marginally bound threshold systems.
We emphasize that the nuclear model itself is not capable

of gauging the likelihood of existence. To overcome this
problem, we introduce a machine learning algorithm, with a
stochastic exploration part and a deterministic modeling
part, which, when combined, result in Bayesian statistical
machine learning. One could say this is supervised learn-
ing, with the nuclear modeling and the choice of priors
representing two aspects of the supervision.
The Bayesian model averaging employed in this Letter

is based on global DFT or mean-field models. Therefore
the computed probabilities of existence are conditional
on the correctness of the DFT framework. Currently, many
A-body methods based on realistic internucleon inter-
actions calculate the two-neutron drip line at 60Ca. Since
Bayesian machine learning requires a sufficient number of
data points to extrapolate with reasonable certainty, A-body
models are not yet amenable to statistical analysis as the
corresponding global mass tables are difficult to compute.
It will be extremely valuable to apply a Bayesian uncer-
tainty quantification analysis to A-body mass tables when
those become available.
The extrapolation outcomes discussed in this Letter will

be tested by experimental data from rare-isotope facilities.

FIG. 3. Posterior probability of existence of neutron-rich nuclei in the Ca region averaged over all models. Top: Uniform model
averaging. Bottom: Averaging using posterior weights [Eq. (1)] constrained by the existence of 52Cl, 53Ar, and 49S. The range of nuclei
with experimentally known masses is marked by a yellow line. The red line marks the limit of nuclear domain that has been
experimentally observed; nuclei to the right of the red line await discovery. The estimated drip line that separates the pex > 0.5 and
pex < 0.5 regions is indicated by a blue line.
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0νββ-decay 

0νββ-decay candidates 
   open-shell, medium/heavy-mass, deformed 
 

48Ca, 76Ge, 82Se; 130Te, 136Xe within reach  
 

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

   - Nuclear forces (low-energy QCD) 
   - Electroweak physics 
   - Nuclear many-body problem 



Beta-decay puzzle: “Quenching” of gA 

“Long-standing problem”1 in weak decays: experimental values systematically smaller than theory 
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•  Should gA be quenched in medium? 
 

•  Missing wavefunction correlations 
 

•  Renormalized VS operator? 
 

•  Neglected two-body currents? 
 

•  Model-space truncations? 
 
     Explore in ab initio framework 
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GT Transition in light and heavy nuclei 

NCSM in light nuclei, CC calculations of GT transition in 100Sn from different forces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Large quenching effect from correlations 
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VS-IMSRG Benchmarks 

Convergence and method benchmarks of VS-IMSRG GT transitions 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Well converged and good agreement with other ab initio methods 
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Ab Initio GT Decays in Medium-Mass Region 

Ab initio calculations of large GT transitions in sd, pf shells 
 

Bare operator similar to phenomenological shell model 
 

Modest quenching from consistent ab initio wavefunctions and operators 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Further modest quenching from 2BC 
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Ab Initio GT Decays in Medium-Mass Region 

Comparison to standard phenomenological shell model  

 
Ab initio calculations across the chart explain data with free-space gA 
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GT Transition in light and heavy nuclei 

NCSM in light nuclei, CC calculations of GT transition in 100Sn from different forces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Large quenching effect from correlations 
 

Addition of 2BC further quenches and reduces spread in results 
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Ab Initio GT Decays in Medium-Mass Region 

Ab initio calculations of large GT transitions in sd, pf shells 
 

Bare operator similar to phenomenological shell model 
 

Modest quenching from consistent ab initio wavefunctions and operators 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Further modest quenching from 2BC 

Gysbers et al., submitted 
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Ab Initio GT Decays in Medium-Mass Region 

Comparison to standard phenomenological shell model  

 
Ab initio calculations across the chart explain data with free-space gA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Refine results with improvements in forces and many-body methods 
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Role of Correlations vs Currents 
100Sn examine the relative importance of correlations vs. two-body currents 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Harder interactions more impact from correlations, less from currents 
 

“Importance” is a scale/scheme-dependent notion 
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Ab Initio 2νββ-decay 

Consistent many-body wfs/operators from chiral NN+3N forces (with 2b currents) 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
VS-IMSRG: decrease in final matrix element 
 

Potential issues: valence-space limitations for 1+ states or missing correlations 

Payne, Stroberg, JDH, et al., in prep  



Gamow-Teller Strengths for A=48 

Running GT strengths for 48Ca(p,n)48Sc and 48Ti(n,p)48Sc 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Significant improvement with effects of 2BC – good agreement with experiment 
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Ab Initio 2νββ-decay: Role of Correlations? 

Role of correlations addressed in CC theory 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Including triples perturbatively increases value of NME 
 

IMSRG(2) results similar to CCSD results – missing many-body correlations  



Ab Initio 0νββ-decay 

Consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CC: Factor of 2 larger! Benchmarks underway to understand… 
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .
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matrix element. An uncertainty of a factor of three in the 
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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 
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Ab Initio 0νββ-decay 
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .
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 Effective electroweak operators: M1, GT,… 

   Effective 0νββ decay operator 
   WIMP-Nucleus scattering 

Outstanding issues 
 Controlled IMSRG(3) approximation 

   E2 operators/collectivity problematic 
   Understand discrepancies with CC 
   Quantify uncertainties 
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Towards big questions: WIMP-Nucleus Scattering 

WIMP-nucleus direct detection candidates 
   open-shell, medium/heavy-mass, deformed 
 

19F,23Na,27Al,29Si,73Ge; 127I,129,131Xe within reach 

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

   - Nuclear forces (low-energy QCD) 
   - Electroweak physics 
   - Nuclear many-body problem 
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Clear artifacts when changing valence spaces: can we decouple a cross-shell space? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Exploring Cross-Shell Valence Spaces 
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IMSRG fails to decouple such valence spaces 
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Next try: extend to include g9/2, but exclude f7/2 
 

IMSRG successfully decouples (usually) such valence spaces! 
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Shell Closures in Neutron-Rich Ni 

Clear artifacts when changing valence spaces 
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Shell Closures in Neutron-Rich Ni 

Cross-shell valence space interpolates smoothly through pf/sdg spaces 
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Towards Multi-Shell Hamiltonians 

!6IM-SRG (Quick reminder)

▪ In-medium similarity renormalization group:
dE

ds
=

X

ab

(na � nb)⌘abfba +
1

2

X

abcd

⌘abcd�cdabnanbncnd

<latexit sha1_base64="F+f0ya8ONZn34YU26ZoFr7W1OvQ="></latexit>

df12
ds

=
X

a

(1 + P12)⌘1afa2 +
1

2

X

ab

(na � nb)(⌘ab�b1a2 � fab⌘b1a2)

+
1

2

X

abc

(nanbnc + nanbnc)(1 + P12)⌘c1ab�abc2

<latexit sha1_base64="7L8QaxEP3IuIrSTZMaPKOjn15w0="></latexit>

d�1234

ds
=
X

a

[(1� P12)(⌘1a�a234 � f1a⌘a234)� (1� P34)(⌘a3�12a4 � fa3⌘12a3)]

+
1

2

X

ab

(1� na � nb)(⌘12ab�ab34 � �12ab⌘ab34)

�
X

ab

(na � nb)(1� P12)(1� P34)⌘b2a4�a1b3

<latexit sha1_base64="SmY/1gySG41DhBSd6KBZql3H7gk="></latexit>

na : occupation number

na = 1� na
<latexit sha1_base64="mEKCOQA5P0jm8vt7LhU4sgxXQ5Q="></latexit>

Generator is chosen to suppress the off diagonal 
component:

⌘12 =
f12

f11 � f22 + �1212

⌘1234 =
�1234

f11 + f22 � f33 � f44 +A1234

A1234 = �1212 + �3434 � �1313 � �2424 � �1414 � �2323
<latexit sha1_base64="MkAqmVRWA5hiSmi2MBEnS184QsU="></latexit>

f12,�1234 :
<latexit sha1_base64="FltZS0PBKt3ilaeN0uGtczNc2zY="></latexit>

matrix element we want to suppress
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!7IM-SRG (Quick reminder)
Evolution for single reference problem (14C w/ SRG evolved NN-only)











!13Flow equation for single-particle energies

▪ Modifying the generator  

✦Simple way is to give the constant shift to energy denominator 

✦For our purpose, suitable choice of Δ would be comparable to hw.

⌘12 =
f12

f11 � f22 + �1212

⌘1234 =
�1234

f11 + f22 � f33 � f44 +A1234

A1234 = �1212 + �3434 � �1313 � �2424 � �1414 � �2323
<latexit sha1_base64="MkAqmVRWA5hiSmi2MBEnS184QsU="></latexit>
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<latexit sha1_base64="DBqDpmnQuOtVLwE2+5EiPl+o0FU="></latexit>

K. Suzuki, Prog. Theor. Phys. 58, 1064 (1977).

N. Tsunoda, K. Takayanagi, M. Hjorth-Jensen, and T. Otsuka, Phys. Rev. C 89, 024313 (2014).





!13Flow equation for single-particle energies

▪ Modifying the generator  

✦Simple way is to give the constant shift to energy denominator 

✦For our purpose, suitable choice of Δ would be comparable to hw.

⌘12 =
f12

f11 � f22 + �1212

⌘1234 =
�1234

f11 + f22 � f33 � f44 +A1234

A1234 = �1212 + �3434 � �1313 � �2424 � �1414 � �2323
<latexit sha1_base64="MkAqmVRWA5hiSmi2MBEnS184QsU="></latexit>

⌘12 =
f12

f11 � f22 + �1212 +�

⌘1234 =
�1234

f11 + f22 � f33 � f44 +A1234 +�

A1234 = �1212 + �3434 � �1313 � �2424 � �1414 � �2323
<latexit sha1_base64="DBqDpmnQuOtVLwE2+5EiPl+o0FU="></latexit>

K. Suzuki, Prog. Theor. Phys. 58, 1064 (1977).

N. Tsunoda, K. Takayanagi, M. Hjorth-Jensen, and T. Otsuka, Phys. Rev. C 89, 024313 (2014).





!17Comparison with single major shell calculation
14C w/ SRG evolved NN only (emax=8)

Including negative parity 
states, many states can 
appear from psd calculations. 

For 0+1, 2+1, and 1+1, p-shell 
configurations are more than 
90%. Also the energies are 
reasonably close to p-shell 
results. 

Δ dependence is not uniquepsd-shellp-shell

Miyagi, JDH, Stroberg in prep 



!18Comparison with EOM method
16O w/ SRG evolved NN-only (emax=8)

1p1h dominant lowest 3-, 1-, 2- agree 
well with the EOM-IMSRG results. 

EOM-IMSRG results are take from N. M. Parzuchowski, T. D. Morris, and S. K. Bogner, Phys. Rev. C 95, 044304 (2017).

Miyagi, JDH, Stroberg in prep 



!1912C energies from psd calculations
N4LO + lnl 3NF (cD = -1.8)N2LOsatEM1.8/2.0

All calculation results are obtained @ emax=10

Miyagi, JDH, Stroberg in prep 



!2016O energies from psd calculations
N4LO + lnl 3NF (cD = -1.8)N2LOsatEM1.8/2.0

★: EOM-CCM [A. Ekström,et al., Phys. Rev. C 91, 051301 (2015).]

All calculation results are obtained @ emax=10

Miyagi, JDH, Stroberg in prep 



The Next Big Discovery: 0νββ-decay? 

Neutrino own antiparticle            0νββ decay 
 

 
 
 
 
 
 
 
 
 
 

 
Tremendous impact on BSM physics: 
 

Lepton-number violating process 
 

Majorana character of neutrino 
 

Absolute neutrino mass scale 
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The Next Big Discovery: 0νββ-decay? 

Progress in large-scale searches pushing towards IH 
 

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

Essential ingredient: 
Nuclear matrix element 
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0νββ-Decay Nuclear Matrix Element Status 

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

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

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

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

Rep. Prog. Phys. 80 (2017) 046301

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

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

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

Finally, and perhaps most obviously, we need matrix ele-
ments to obtain information about the absolute neutrino 
masses once a νββ0  decay lifetime is known. Reducing the 
uncertainty in the matrix element calculations will be crucial 
if we wish to fully exploit an eventual measurement of the 
decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  figure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now finally in a posi-
tion to undertake them.
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large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

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

3.1. Shell model

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

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