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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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0νββ-decay 
Neutrino own antiparticle            0νββ decay 
 

 
 
 
 
 
 
 
 
 
 

 
Tremendous impact on BSM physics: 
 

Lepton-number violating process 
 

Majorana character of neutrino 
 

Absolute neutrino mass scale 
 

          NME not observable: must be calculated 
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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 
  

   

€ 

m0
2 = ?

Δm21
2 ≈ 7.5×10−5 eV2 (solar)

Δm32
2 ≈ 2.4×10−3 eV2 (atmospheric)

⌦
m��

↵
=

�����

3X

i=1

Ueimi

�����

⇣
T 0⌫��
1/2

⌘�1
= G0⌫

��M0⌫
��2 hm��i2

Cosmology 



D
is

co
ve

ry
, 

ac
ce

le
ra

te
d 

2018-09-13 

Status of 0νββ-decay Matrix Elements 
All calculations to date from extrapolated phenomenological models; large spread in results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All models missing essential physics 
 

Impossible to assign rigorous uncertainties 
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Status of 0νββ-decay Matrix Elements 
All calculations to date from extrapolated phenomenological models; large spread in results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All models missing essential physics 
 

Impossible to assign rigorous uncertainties      Explore new approaches to nuclear theory 
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Dark Matter Direct Detection 
Large-scale direct-detection searches underway worldwide 
 
 
 
 
 
 
 
 
 
 
 
 
 
Direct detection: 
 

Leading candidates: neutralinos, …? 
 

Couple to scalar and axial-vector currents in atomic nuclei 

CDMS 

Observation of nuclear recoil X SM ! X SM

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

Differential cross section: compare results from different target nuclei 
 

      
        Structure functions required from nuclear theory 
d�

dp2
=

8G2
F

(2Ji + 1)v2
SA(p) 
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Ab Initio Theory for Atomic Nuclei 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
 
 
 

H n = En n
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Ab Initio Theory for Atomic Nuclei 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
 

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

H n = En n

“The first, the basic approach, is to study the elementary particles, their properties and mutual 
interaction.  Thus one hopes to obtain knowledge of the nuclear forces.” 



D
is

co
ve

ry
, 

ac
ce

le
ra

te
d 

2018-09-13 

Ab Initio Theory for Atomic Nuclei 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
 

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

Chiral effective field theory: systematic expansion of nuclear interactions 
 

Consistent 3N forces, electroweak currents 
 

Quantifiable uncertainties possible 

H n = En n
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Ab Initio Theory for Atomic Nuclei 
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 

H n = En n

“If the forces are known, one should, in principle, be able to calculate deductively the properties of 
individual nuclei.” 
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Chronological Reach of Ab Initio Theory 
Moore’s law: exponential growth in computing power                        
 

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

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

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

2v 1q1v 2q 3p1h 4p2h2v 1q1v 2q 3p1h 4p2h

H(s = 0) ! H(1)

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

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

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

2v 1q1v 2q 3p1h 4p2h2v 1q1v 2q 3p1h 4p2h

H(s = 0) ! H(1)

Heff 

2020: A>132 
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Breadth of Ab Initio Theory 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
 

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

H n = En n

10-15 years ago 
8-10 years ago 
3-5 years ago 
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Valence-Space IMSRG 

 

                                               Step 1: Decouple core 
 
 
                                                Can we achieve accuracy 
                                                 of large-space methods? 

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 (S.R. Stroberg) 
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Valence-Space IMSRG 

 

                                               Step 1: Decouple core 
                                               Step 2: Decouple valence space H 
 
                                                Can we achieve accuracy 
                                                 of large-space methods? 

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 (S.R. Stroberg) 
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Valence-Space IMSRG 

 

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

 
 
 

                  Careful benchmarking essential! 

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
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Benchmarking VS-IMSRG: from Oxygen to Calcium 
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; Any operator can be calculated 
 

Low computational cost: ~1 node-day/nucleus 

Stroberg et al., PRL (2017) 
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Connection to Infinite Matter: Saturation as a Guide 
NN+3N force with good reproduction of ground-state energies  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.8/2.0 (EM) reproduces ground-state energies through 78Ni 
 

Slight underbinding for neutron-rich oxygen 
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From G. Hagen 



D
is

co
ve

ry
, 

ac
ce

le
ra

te
d 

2018-09-13 

NN+3N Forces with Good Saturation Properties 
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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, charge radii, electroweak transitions… 
 

   - Test nuclear forces across wide range of nuclei 
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Breadth of Ab Initio Theory 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
 

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

H n = En n

10-15 years ago 
8-10 years ago 
3-5 years ago 
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Towards Global Ab Initio Calculations 

pf

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

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

sdg

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

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

H n = En n

Extends ab intitio to global scale: A≈132 
Limitations: SM diagonalization, 3N element storage 

10-15 years ago 
8-10 years ago 
3-5 years ago 
Today 
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Towards Global Ab Initio Calculations 

pf

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

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

sdg

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

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

H n = En n

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

Address Major Nuclear Structure Issues 
 

1) How do nuclei emerge from fundamental interactions? 
 

2) What are the limits of existence of matter? 
 

3) How do magic numbers evolve? 
 

4) How do novel quantum phenomena (skins, halos, etc.) arise in nuclei? 
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Towards Global Ab Initio Calculations 

pf

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

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

sdg

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

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

H n = En n

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

Address Major Nuclear Structure Issues 
 

1) How do nuclei emerge from fundamental interactions? Can we go heavier? 
 

2) What are the limits of existence of matter? 
 

3) How do magic numbers evolve? 
 

4) How do novel quantum phenomena (skins, halos, etc.) arise in nuclei? 

208Pb 
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Will We Ever Compute 208Pb? 
Improvements in storage of 3N matrix elements greatly expands reach of ab initio theory! 
 
 
            

 
 
                 Preliminary! Converged calculations 
                 may be in reach… 

 
 
 
 
*Preliminary results* 
 
Promising for converged calculations 
in region of heavy Pb isotopes! 

Miyagi, Stroberg, et al… 

Miyagi, Stroberg, JDH, in prep. 



D
is

co
ve

ry
, 

ac
ce

le
ra

te
d 

2018-09-13 

Towards Global Ab Initio Calculations 

pf

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

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

sdg

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

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

H n = En n

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

Address Major Nuclear Structure Issues 
 

1) How do nuclei, processes emerge from fundamental interactions of nature? 
 

2) What are the limits of existence of matter? 
 

3) How do magic numbers evolve? 
 

4) How do novel quantum phenomena (skins, halos, etc.) arise in nuclei? 
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Towards Global Ab Initio Calculations 

pf

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

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

sdg

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

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

H n = En n

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

Address Major Nuclear Structure Issues 
 

1) How do nuclei, processes emerge from fundamental interactions of nature? 
 

2) What are the limits of existence of matter? 
 

3) How do magic numbers evolve? 
 

4) How do novel quantum phenomena (skins, halos, etc.) arise in nuclei? 
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Global Ground-State Energy Residuals 
Ab initio calculations of nearly 700 nuclei… how to analyze uncertainties? 
 
 
            

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

 
            DFT: 0.6-2.0 MeV 

 
 
 
rms deviation at level of BW Mass formula, approaching EDF models 
 

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

What is deviation for separation energies? Apply to nuclear driplines 
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JDH, Stroberg, Schwenk, Simonis, 
arXiv:1905.10475 
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Deviations from Experimental Separation Energies 
All corrected distributions approximately Gaussian centered at 0 
 
 
            

 
 
 
 
 
 
 
 
 
 
 
 

Certain residuals correlated – must correct for this in probabilities 
 

Assume unmeasured nuclei also follow this distribution 

�=0.56

�0=1.15

�Sn

(corr.)

�=0.71

�0=1.29

�S2n

(corr.)

�=0.71

�0=0.86

�Sp
(corr.)

-3 0 3

�=0.95

�0=0.91

�S2p
(corr.)

-3

0

3

cov.
0.68

-3

0

3

cov.
0.18

-3 0 3

-3

0

3

cov.
0.22

cov.
0.18

-3 0 3

cov.
0.29

-3 0 3

cov.
0.63

0 15 30
Sth

2n

�6

�3

0

3

�S
2n

no VS change

VS change

P
bound

= (P
1nP2n + ⇠

1n,2n)(P1pP2p + ⇠
1p,2p)

<latexit sha1_base64="altpbj8tHLW/vTrLfSBwx7Yoqg4="></latexit><latexit sha1_base64="altpbj8tHLW/vTrLfSBwx7Yoqg4="></latexit><latexit sha1_base64="altpbj8tHLW/vTrLfSBwx7Yoqg4="></latexit><latexit sha1_base64="altpbj8tHLW/vTrLfSBwx7Yoqg4="></latexit>

P1n =

1p
2⇡�1n

Z 1

0
exp


(x� S

th.corr

n

)

2

2�

2
1n

�
dx

<latexit sha1_base64="FzxbpgWJMNwjjHryovkqW1fLzxk="></latexit><latexit sha1_base64="FzxbpgWJMNwjjHryovkqW1fLzxk="></latexit><latexit sha1_base64="FzxbpgWJMNwjjHryovkqW1fLzxk="></latexit><latexit sha1_base64="FzxbpgWJMNwjjHryovkqW1fLzxk="></latexit>

JDH, Stroberg, Schwenk, Simonis, 
arXiv:1905.10475 

�O ⌘ O(th) �O(exp)
<latexit sha1_base64="FzakGqrJUGC3L5JHG8RWtOG1Qrs=">AAACKXicbZBNS8NAEIY39bt+VT16WSxCe7AkIuqx4MWbClaFJpbNdtou3Xy4OymWkL/jxb/iRUFRr/4RN7UHa31h4eWZGXbm9WMpNNr2h1WYmZ2bX1hcKi6vrK6tlzY2r3SUKA4NHslI3fhMgxQhNFCghJtYAQt8Cdd+/ySvXw9AaRGFlziMwQtYNxQdwRka1CrV3TZIZNQNGPY4k+lZRl24S8TgN7pNK9irZnuTCO7jatYqle2aPRKdNs7YlMlY563Si9uOeBJAiFwyrZuOHaOXMoWCS8iKbqIhZrzPutA0NmQBaC8dXZrRXUPatBMp80KkI/p7ImWB1sPAN535qvpvLYf/1ZoJdo69VIRxghDyn486iaQY0Tw22hYKOMqhMYwrYXalvMcU42jCLZoQnL8nT5ur/Zpj/MVBuX44jmORbJMdUiEOOSJ1ckrOSYNw8kCeyCt5sx6tZ+vd+vxpLVjjmS0yIevrG8y3p4Y=</latexit><latexit sha1_base64="FzakGqrJUGC3L5JHG8RWtOG1Qrs=">AAACKXicbZBNS8NAEIY39bt+VT16WSxCe7AkIuqx4MWbClaFJpbNdtou3Xy4OymWkL/jxb/iRUFRr/4RN7UHa31h4eWZGXbm9WMpNNr2h1WYmZ2bX1hcKi6vrK6tlzY2r3SUKA4NHslI3fhMgxQhNFCghJtYAQt8Cdd+/ySvXw9AaRGFlziMwQtYNxQdwRka1CrV3TZIZNQNGPY4k+lZRl24S8TgN7pNK9irZnuTCO7jatYqle2aPRKdNs7YlMlY563Si9uOeBJAiFwyrZuOHaOXMoWCS8iKbqIhZrzPutA0NmQBaC8dXZrRXUPatBMp80KkI/p7ImWB1sPAN535qvpvLYf/1ZoJdo69VIRxghDyn486iaQY0Tw22hYKOMqhMYwrYXalvMcU42jCLZoQnL8nT5ur/Zpj/MVBuX44jmORbJMdUiEOOSJ1ckrOSYNw8kCeyCt5sx6tZ+vd+vxpLVjjmS0yIevrG8y3p4Y=</latexit><latexit sha1_base64="FzakGqrJUGC3L5JHG8RWtOG1Qrs=">AAACKXicbZBNS8NAEIY39bt+VT16WSxCe7AkIuqx4MWbClaFJpbNdtou3Xy4OymWkL/jxb/iRUFRr/4RN7UHa31h4eWZGXbm9WMpNNr2h1WYmZ2bX1hcKi6vrK6tlzY2r3SUKA4NHslI3fhMgxQhNFCghJtYAQt8Cdd+/ySvXw9AaRGFlziMwQtYNxQdwRka1CrV3TZIZNQNGPY4k+lZRl24S8TgN7pNK9irZnuTCO7jatYqle2aPRKdNs7YlMlY563Si9uOeBJAiFwyrZuOHaOXMoWCS8iKbqIhZrzPutA0NmQBaC8dXZrRXUPatBMp80KkI/p7ImWB1sPAN535qvpvLYf/1ZoJdo69VIRxghDyn486iaQY0Tw22hYKOMqhMYwrYXalvMcU42jCLZoQnL8nT5ur/Zpj/MVBuX44jmORbJMdUiEOOSJ1ckrOSYNw8kCeyCt5sx6tZ+vd+vxpLVjjmS0yIevrG8y3p4Y=</latexit><latexit sha1_base64="FzakGqrJUGC3L5JHG8RWtOG1Qrs=">AAACKXicbZBNS8NAEIY39bt+VT16WSxCe7AkIuqx4MWbClaFJpbNdtou3Xy4OymWkL/jxb/iRUFRr/4RN7UHa31h4eWZGXbm9WMpNNr2h1WYmZ2bX1hcKi6vrK6tlzY2r3SUKA4NHslI3fhMgxQhNFCghJtYAQt8Cdd+/ySvXw9AaRGFlziMwQtYNxQdwRka1CrV3TZIZNQNGPY4k+lZRl24S8TgN7pNK9irZnuTCO7jatYqle2aPRKdNs7YlMlY563Si9uOeBJAiFwyrZuOHaOXMoWCS8iKbqIhZrzPutA0NmQBaC8dXZrRXUPatBMp80KkI/p7ImWB1sPAN535qvpvLYf/1ZoJdo69VIRxghDyn486iaQY0Tw22hYKOMqhMYwrYXalvMcU42jCLZoQnL8nT5ur/Zpj/MVBuX44jmORbJMdUiEOOSJ1ckrOSYNw8kCeyCt5sx6tZ+vd+vxpLVjjmS0yIevrG8y3p4Y=</latexit>



D
is

co
ve

ry
, 

ac
ce

le
ra

te
d 

2018-09-13 

Estimating Dripline Uncertainites 
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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Dripline Prediction to Iron Isotopes 
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, Simonis, 
arXiv:1905.10475 
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Breadth of Ab Initio: Towards Global Calculations 

pf

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

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

sdg

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

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

H n = En n

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

Major Puzzles with EW and BSM Physics 
 

1) GT transitions and gA quenching: a template for progress 
 

2) Quenching in magnetic moments/M1 transitions 
 

3) Absolute and relative charge radii 
 

4) Quadrupole moments/E2 transitions 
 

5) BSM physics: 0νββ decay, WIMP scattering, fundamental symmetry violation… 
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Beta-Decay “Puzzle”: Quenching of gA 

“Long-standing problem”1 in weak decays: experimental values systematically smaller than theory 
 
 
 
 
 

 

OGT = O1b
�⌧ +O2b

2BC
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Hadronic weak currents in chiral EFT

At lowest orders Q0, Q2 1b currents only
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1 papers from the 1970’s 
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Beta-Decay “Puzzle”: Quenching of gA 
Long-standing problem in weak decays: experimental values systematically smaller than theory 
 
 
 
 
 

Using                                 agrees with data 
 

ge↵A ⇡ 0.77⇥ gfreeA

OGT = O1b
�⌧ +O2b

2BC
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•  Should gA be quenched in medium? 
 

Brown, Wildenthal (1985) 
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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 data 
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•  Should gA be quenched in medium? 
 
What about all the other stuff? 
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STUFF
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Beta-Decay “Puzzle”: Quenching of gA 
Long-standing problem in weak decays: experimental values systematically smaller than theory 
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•  Should gA be quenched in medium? 
 

•  Missing wavefunction correlations 
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•  Should gA be quenched in medium? 
 

•  Missing wavefunction correlations 
 

•  Renormalized VS operator? 

Brown, Wildenthal (1985) 
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Hadronic weak currents in chiral EFT
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•  Neglected two-body currents? 
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•  Should gA be quenched in medium? 
 

•  Missing wavefunction correlations 
 

•  Renormalized VS operator? 
 

•  Neglected two-body currents? 
 

•  Model-space truncations? 
 
     Explore in ab initio framework 

Brown, Wildenthal (1985) 

Large MGT  
in sd-shell 

MGT = gA hf |OGT|ii
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Large-Scale Efforts for Ab Initio GT Transitions 
Calculate large GT matrix elements 
 
 
 
 
 
 
-  Light, medium, and heavy regions 

-  Benchmark different ab initio methods 

-  Wide range of NN+3N forces 
-  Consistent inclusion of 2BC 

OGT = O1b
�⌧ +O2b

2BC
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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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isotopes9. In this region of the chart, most isotopes decay by β decay, either by emitting an electron  
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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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-  Light, medium, and heavy regions 

-  Benchmark different ab initio methods 

-  Wide range of NN+3N forces 
-  Consistent inclusion of 2BC 
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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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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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GT Transitions in Light nuclei and 100Sn 
NCSM in light nuclei, CC calculations of GT transition in 100Sn from different forces 
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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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Breadth of Ab Initio: Towards Global Calculations 
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Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
 

   - Nuclear forces, electroweak physics 
   - Nuclear many-body problem 
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Major Puzzles with EW and BSM Physics 
 

1) GT transitions and gA quenching: a template for progress 
 

2) Quenching in magnetic moments/M1 transitions 
 

3) Absolute and relative charge radii 
 

4) Quadrupole moments/E2 transitions 
 

5) BSM physics: 0νββ decay, WIMP scattering, fundamental symmetry violation… 
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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, electroweak physics 
   - Nuclear many-body problem 

8-10 years ago 
3-5 years ago 
Today 

10-15 years ago 



D
is

co
ve

ry
, 

ac
ce

le
ra

te
d 

2018-09-13 

Ab Initio 2νββ Decay: 48Ca 
Consistent many-body wfs/operators from chiral NN+3N forces (with 2b currents) 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
VS-IMSRG: decrease in final matrix element 
 

Potential issues: limited 1+ states, missing IMSRG(3)... benchmarks with CC underway… 

Belley, Payne, Stroberg, JDH, in prep  
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Benchmarking 0νββ Decay in Light Nuclei: 8He 
Benchmark with quasi-exact NCSM and CC theory in light systems 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Reasonable/good agreement in all cases! 
 

Belley, Payne, Stroberg, JDH, in prep  
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Benchmarking 0νββ Decay in Light Nuclei: 10He 
Benchmark with quasi-exact NCSM and CC theory in light systems 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Reasonable/good agreement in all cases! 
 

Belley, Payne, Stroberg, JDH, in prep  
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Benchmarking 0νββ Decay in Light Nuclei: 14C 
Benchmark with quasi-exact NCSM and CC theory in light systems 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Reasonable/good agreement in all cases! 
 

Belley, Payne, Stroberg, JDH, in prep  
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Benchmarking 0νββ Decay in Light Nuclei: 22O 
Benchmark with quasi-exact NCSM and CC theory in light systems 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Reasonable to good agreement in all cases! 
 

Belley, Payne, Stroberg, JDH, in prep  

Benchmarking in light nuclei
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Ab Initio 0νββ Decay: 48Ca 
Consistent many-body wfs/operators from chiral NN+3N forces (no 2b 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 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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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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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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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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SD WIMP-Nucleus Response: Benchmarking 23Na 

Padua, Leutheusser, Stroberg, JDH, in prep. 

Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces + 2B currents  
 

Two NN+3N interactions: 1.8/2.0(EM), NN+3N(LNL) 
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SD WIMP-Nucleus Response: Benchmarking 27Al 

Padua, Leutheusser, Stroberg, JDH, in prep. 

Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces + 2B currents  
 

Two NN+3N interactions: 1.8/2.0(EM), NN+3N(LNL) 
 

USDB+2BC (Klos)
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SD WIMP-Nucleus Response: Benchmarking 29Si 

Padua, Leutheusser, Stroberg, JDH, in prep. 

Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces + 2B currents  
 

Two NN+3N interactions: 1.8/2.0(EM), NN+3N(LNL) 
 

USDB+2BC (Klos)
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Ab Initio SD WIMP-Nucleus Response: 19F, 23Na, 27Al, 29Si 

Padua, Leutheusser, Stroberg, JDH, in prep. 

Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces + 2B currents  
 

Two NN+3N interactions: 1.8/2.0(EM), NN+3N(LNL) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In progress: all nuclear targets to Xe, Spin Independent 
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Present and Future for VS-IMSRG 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 

Outstanding issues 
 Controlled IMSRG(3) approximation* 

   E2 operators/collectivity problematic 
   Understand discrepancies with CC 
   Quantify uncertainties 

Nuclear Structure 
Development of forces and currents1 

Dripline predictions for medium-mass 
Evolution of magic numbers from masses, 
radii, spectroscopy, EM transitions: 78Ni 

Multi-shell theory:  
   Island of inversion2 

   Forbidden decays3 
 

Atomic systems4 

Fundamental Symmetries/BSM Physics 
  Effective electroweak operators: GT quenching 

   Effective 0νββ decay operator5 

   WIMP-Nucleus scattering6 

   Superallowed Fermi transitions7 

   Symmetry-violating moments [molecules]8 

A. Schwenk 

H. Hergert
S. Bogner 

J. Menéndez

T. Morris 
G. Hagen
T. Papenbrock

J. Engel

S. R. Stroberg*
T. Miyagi2,3,4,7,8 

C. Gwak3,8

D. Livermore4 

G. Tenkila4

A. Belley5

C. Payne5 

J. Padua6 

S. Leutheusser6

M. Martin7

K. G. Leach

R. F. Garcia-Ruiz8J. Simonis1
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Breadth of Ab Initio: Towards Global Calculations 

pf

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

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

sdg

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

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

H n = En n

10-15 years ago 
8-10 years ago 
3-5 years ago 
Today Major Puzzles with Other Operators 

 
1) GT transitions and gA quenching 
 

2) Quenching in magnetic moments/M1 transitions? 
 

3) Absolute and relative charge radii 
 

4) Quadrupole moments/E2 transitions 
 

5) Fundamental problems in electroweak physics (0vBB, WIMP-nucleus scattering…) 
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Similar: Quenching of Magnetic Moments? 
Similar effects expected as in GT quenching: renormalized operator + 2BC ~0.75-0.8  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                             
 

9

FIG. 7. Convergence of 0+1 excitation energy, B(M1) (in µ2
N )

to ground state, and magnetic dipole moment of 14N. VS- and
EOM-IMSRG methods (columns (b) and (c) respectively) are
compared with NCSM (column (a)) and experiment [77, 83].

solute scale appear large on a relative scale. Regardless,
the disagreement between VS-IMSRG and EOM-IMSRG
will be investigated in the future.

D. sd and fp shell systems

Ultimately, the power of IMSRG approaches to excited
states and e↵ective operators will be the ability to de-
scribe these properties in medium- to heavy-mass regions
where exact methods are not computationally tractable.
In this section we investigate the quality of these calcu-
lations for several medium-mass nuclei, again using the
electric quadrupole and magnetic dipole operators as case
studies.

1. Electric quadrupole observables

Figure 8 displays the first 2+ excitation energies and
B(E2; 2+

1

! 0+
1

) strengths for several nuclei in the sd
and pf shells. We find excellent convergence properties,
as we did in the p shell, and we see reasonable agree-
ment with experiment for the excitation energies. How-
ever, transition strengths are generally underpredicted
by an order of magnitude. These results are strikingly
consistent between the two methods. A tentative ex-
planation for the diminished strength in 22O and 48Ca
is provided by the lack of valence protons. In order to
describe the transition in these nuclei, valence neutrons

must be dressed consistently as quasi-neutrons possessing
an e↵ective charge.

FIG. 8. Results of EOM-IMSRG(2,2) and VS-IMSRG(2) cal-
culations of the 2+1 excitation energy (a), and the B(E2; 2+1 !
0+1 ) value (b) for several closed-shell nuclei in the sd and pf
shells. Due to experimental values that vary by several orders
of magnitude, the B(E2) values are scaled such that experi-
ment is unity. Computations are performed at ~! = 20 MeV
and emax = 12. Experimental results are taken from [78].

The absence of any appreciable strength in the two IM-
SRG calculations appears to be convincing evidence that
IMSRG evolutions, when restricted to the two-body op-
erator level (i.e., VS-IMSRG(2) and EOM-IMSRG(2,2)),
do not su�ciently renormalize the neutron charges. How-
ever, this discrepancy is evident in many nuclei, regard-
less of shell structure; we see the same underpredictions
in 32S, and 56,60Ni, which lie in middle of their respective
major shells, with plenty of valence protons to model an
electromagnetic transition.
Table II compiles the results from several of the cal-

culations presented here, where B(E2) corresponds to
B(E2; 2+

1

! 0+
1

). In the far right column, we include
the the Weisskopf estimate for the transition [85]. The
Weisskopf estimate, given by

B(E2)
W

=
9r4

0

100⇡
A4/3e2fm4, (32)

models the transition as a single proton excitation from a
core with the empirical nuclear radius r

0

A1/3, where r
0

=
1.2 fm. Excitations that are dominated by a single 1p1h
transition will yield experimental B(E2) values near the
Weisskopf estimate. This picture certainly falls short of
describing those nuclei with magic proton numbers, such
as 22O, but it is nonetheless instructive to consider what
the single particle estimates are for even these nuclei, as
they describe neutrons with an e↵ective charge in this
case.
We find that computed B(E2) values track with Weis-

skopf estimates rather than actual experimental values,
except in the case of a magic proton shell closure, where
computations are significantly smaller than the Weis-
skopf estimates, suggesting that indeed, the renormal-

10

TABLE II. E2 transition strengths from first excited 2+ state
to 0+ ground state for even-even nuclei (in e2fm4). Exper-
iment [78] and Weisskopf [85] single particle estimates are
compared with IMSRG calculations.

Nucleus B(E2)exp B(E2)EOM B(E2)V S B(E2)W
6He 1.1(1) 0.07 0.6
14C 3.6(6) 4.1 3.9 2.0
22O 4.2(1.6) 0.5 0.4 3.7
32S 59(1) 7.2 11.3 6.0

48Ca 17(2) 2.6 2.0 10.4
56Ni 91(17) 30.7 12.7
60Ni 186(3) 16.2 14.0

ization of neutron e↵ective charges may not be su�-
cient in our IMSRG calculations. Moreover, the fact
that many of the experimental B(E2) values are signifi-
cantly larger than the single particle estimates indicates
that collectivity which is neglected by VS-IMSRG(2) and
EOM-IMSRG(2,2) calculations may be more critical to
E2 transition strengths than it is to excitation energies.

TABLE III. E↵ective charges for the E2 operator, obtained
by decoupling the sd shell with a reference of 17O for neutrons
(�e⌫) and

17F for protons (�e⇡), and taking the ratio with the
bare matrix elements for protons.

a b �e⌫ �e⇡
0d5/2 0d5/2 0.213 0.026
0d5/2 0d3/2 0.248 0.075
0d5/2 1s1/2 0.184 0.039
0d3/2 0d3/2 0.120 �0.003
0d3/2 1s1/2 0.111 �0.007

As a further illustration, we present in Table III the
orbit-dependent e↵ective charges for the one-body piece
of E2 operator, obtained in a VS-IMSRG(2) calculation
of 17O. Here, we define the e↵ective charges so that

e
⇡

= 1 + �e
⇡

, e
⌫

= �e
⌫

. (33)

The values listed correspond to a model space truncation
e
max

= 12, and a basis frequency of ~! = 20 MeV. (The
bare matrix elements are evaluated in the Hartree-Fock
basis, so these results are essentially independent of the
basis frequency). We obtain a neutron e↵ective charge
of approximately 0.1–0.2, considerably smaller than the
standard phenomenological value of 0.5. We repeat the
exercise for the proton e↵ective charge, using 17F as the
reference, and we obtain very small (and even negative)
values of �e

⇡

. This discrepancy between proton and neu-
tron e↵ective charges is similar to the e↵ect seen in sec-
ond order perturbation theory in Ref. [86], and will be
investigated in a future work.

Another possible explanation for diminished E2 ob-
servables is deficiencies in the input interactions. As pre-
viously discussed, the NN+3N(400) interaction system-
atically underpredicts nuclear radii, which is tied to its

FIG. 9. Convergence of the 1+1 excitation energy,
B(M1; 1+1 ! 0+1 ) (in µ2

N ) and 2+1 magnetic dipole moment
(µN ) of 32S. VS-IMSRG (column (a)) and EOM-IMSRG (col-
umn (b)) methods are compared with experiment [77, 88].

inability to reproduce nuclear saturation. Since the elec-
tric quadrupole operator has the same radial dependence
as the point-nucleon radius operator, we might naively
expect an increase in predicted B(E2) values when us-
ing an input interaction which properly reproduces radii,
such as N2LO

sat

[87]. We computed B(E2)s for the nu-
clei shown in fig. 8 with this interaction, using EOM-
IMSRG(2,2). We found that a small enhancement is in-
deed observed (⇠50% increase), but N2LO

sat

still sys-
tematically underpredicts B(E2) values for these nuclei,
indicating that while the interaction does play an im-
portant role, missing correlations are still likely to be a
major source of error.

2. Magnetic dipole observables

We now turn to M1 observables, where the Weis-
skopf estimate (1.79 µ2

N

) is independent of A, and we
therefore expect the transition to have similar proper-
ties from nucleus to nucleus, unlike E2 observables. We
have calculated B(M1) values in 14C and 22O, where
we have observed excellent consistency between VS- and
EOM-IMSRG, as we did for E2 observables. Our pre-
dictions for B(M1; 1+

1

! 0+
1

) are in the vicinity of
1µ2

N

for both nuclei. The experimental value for 14C
is 0.3938±0.0895µ2

N

, a di↵erence which could potentially
be accounted for by missing meson-exchange currents in
our dipole transition operators.
We also compute M1 observables for the 1+

1

and 2+
1

states in 32S. Figure 9 shows results from these calcula-
tions. We find good agreement between the methods for
the magnetic moment of the 2+ state, and with experi-
ment, which is on the order of the naive shell-model esti-
mate. There is some disagreement between the methods

Parzuchowski et al PRC (2017) 

14N 
32S 

Reasonable experimental 
agreement: additional quenching 
needed 
 
 
 
 
No inclusion of 2BC yet - 
developments underway…   
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Breadth of Ab Initio: Towards Global Calculations 

pf

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

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

sdg

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

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

H n = En n

10-15 years ago 
8-10 years ago 
3-5 years ago 
Today Major Puzzles with Other Operators 

 
1) GT transitions and gA quenching 
 

2) Quenching in magnetic moments/M1 transitions 
 

3) Absolute and relative charge radii 
 

4) Quadrupole moments/E2 transitions 
 

5) Fundamental problems in electroweak physics (0vBB, WIMP-nucleus scattering…) 
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Connection to Infinite Matter: Saturation as a Guide 
NN+3N force with good reproduction of ground-state energies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.8/2.0 (EM) reproduces ground-state energies through 78Ni 
 

Slight underbinding for neutron-rich oxygen 
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From G. Hagen 
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Connection to Infinite Matter: Saturation as a Guide 
NN+3N force with good reproduction of ground-state energies (but poor radii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Description of radii depends on saturation density 
 

No interactions reproduces perfectly total charge radii 

Simonis et al., arXiv:1704.02915 

From G. Hagen 
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Charge Radii Across Isotopic Chains 
Study charge radii across isotopic chains: 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.0/2.0 (PWA) “best” results: overpredicts experiment, less pronounced trends 
 

Clear discrepancy at 68Ni: benchmark against CC and GGF in progress 

⌦
R2

↵
=

D
�0 | R̃2 | �0

E
+
D
�SM | R̃2 | �SM

E

48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78

Mass Number A
3

3.2

3.4

3.6

3.8

4

4.2

R
n
 (

fm
)

VS-IMSRG (0hw)

48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78

Mass Number A

3.5

3.6

3.7

3.8

3.9

4

R
ch

 (
fm

)

SR-IMSRG

CC
Ni

2.0/2.0 (PWA)

1.8/2.0 (EM)

fp-shell 

sdg-shell 

46 48 50 52 54 56 58 60 62 64

Mass Number A

3.4

3.5

3.6

3.7

3.8

3.9

4

R
ch

 (
fm

)

VS-IM-SRG

COLLAPS

Mn

1.8/2.0 (EM)

2.0/2.0 (PWA)



D
is

co
ve

ry
, 

ac
ce

le
ra

te
d 

2018-09-13 

Charge Radii Across Isotopic Chains 
Study charge radii across isotopic chains: 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.0/2.0 (PWA) “best” results: overpredicts experiment, less pronounced trends 
 

Clear discrepancy at 68Ni: benchmark against CC and GGF in progress 
 
Multi-shell VS-IMSRG in progress… 
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N=32 Magic Number: Charge Radii 
Charge radii of 49-52Ca measured from laser spectroscopy at COLLAPS, CERN 
 

 
 
 
 
 
 
 
 
 
 
 
 
Unexpected increase in charge radius questions magicity of 52Ca 
 

Theory underestimates this increase – challenge for future 
 

Garcia Ruiz et al, Nature Phys. 2016 
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Relative Charge Radii Across Isotopic Chains: Ni 
Study charge radii across isotopic chains: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Study radii normalized to reference (as measured in laser spec. experiments) 
 

1.8/2.0(EM) reproduces trends more accurately in Ni isotopes 

⌦
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Charge Radii Across Isotopic Chains: Cu 
Study charge radii across isotopic chains: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                              Cu isotopes, odd-even staggering reproduced, but still deficient 
 

                                              Competitive with DFT fit to reproduce odd-even staggering in region 

⌦
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↵
=

D
�0 | R̃2 | �0

E
+
D
�SM | R̃2 | �SM

E

R.P. de Groote et al., Nat. Phys. (2020) 
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Breadth of Ab Initio: Towards Global Calculations 

pf

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

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

sdg

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

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

H n = En n

10-15 years ago 
8-10 years ago 
3-5 years ago 
Today Major Puzzles with Other Operators 

 
1) GT transitions and gA quenching 
 

2) Quenching in magnetic moments/M1 transitions 
 

3) Absolute and relative charge radii 
 

4) Quadrupole moments/E2 transitions 
 

5) Fundamental problems in electroweak physics (0vBB, WIMP-nucleus scattering…) 
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Global Trends in Absolute B(E2): sd Shell 
Study charge E2 transitions across sd-shell  
 
 
 
 
 
 
 
 
 
 
 
 
 
USDB with effective charges typically reproduces absolute values well 
 

VS-IMSRG (no effective charges) typically underpredicts experiment 
 

Trends well reproduced in both… 

Tz = ±1
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<latexit sha1_base64="cm6BxnZFjSatyIvvy8sIVHQTxfo=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiStqBuh4MZlhT6EJoTJdNIOnZmEmYlYQ37FjQtF3Poj7vwbp20W2nrgwuGce7n3njBhVGnH+bZKa+sbm1vl7crO7t7+gX1Y7ak4lZh0ccxieR8iRRgVpKupZuQ+kQTxkJF+OLmZ+f0HIhWNRUdPE+JzNBI0ohhpIwV2tRM8XXsJ9yKJcNbMs0Ye2DWn7swBV4lbkBoo0A7sL28Y45QToTFDSg1cJ9F+hqSmmJG84qWKJAhP0IgMDBWIE+Vn89tzeGqUIYxiaUpoOFd/T2SIKzXloenkSI/VsjcT//MGqY6u/IyKJNVE4MWiKGVQx3AWBBxSSbBmU0MQltTcCvEYmRS0iatiQnCXX14lvUbdbdYbd+e11kURRxkcgxNwBlxwCVrgFrRBF2DwCJ7BK3izcuvFerc+Fq0lq5g5An9gff4A2PiURw==</latexit>

Tz = ± 1
<latexit sha1_base64="VFD+7Em+0Ew6oLtFDRWNsPQ2XpM=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ4KrtV1ItQ8OKxQr+wu5Rsmm1Dk+ySZIW69F948aCIV/+NN/+NabsHbX0w8Hhvhpl5YcKZNq777aysrq1vbBa2its7u3v7pYPDlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Hbqtx+p0iyWDTNOaCDwQLKIEWys9NDoPd34ifCR1yuV3Yo7A1omXk7KkKPeK335/ZikgkpDONa667mJCTKsDCOcTop+qmmCyQgPaNdSiQXVQTa7eIJOrdJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xjc10XWQMZmkhkoyXxSlHJkYTd9HfaYoMXxsCSaK2VsRGWKFibEhFW0I3uLLy6RVrXjnler9Rbl2mcdRgGM4gTPw4ApqcAd1aAIBCc/wCm+Odl6cd+dj3rri5DNH8AfO5w+QTJAm</latexit>
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Study charge E2 transitions across sd-shell: IS (M0) and IV (M1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         IS: USDB good agreement, VS-IMSRG systematically small 
 

         IV: Both agree well  
 

         Deficiencies in IS only 
 

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

M0 =

p
B(E2;Tz < 0) +

p
B(E2;Tz > 0)

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

|M1| =
p

B(E2;Tz < 0)�
p
B(E2;Tz > 0)

�Tz
<latexit sha1_base64="JDMgwcIWrPdnhGr3UFvHGhbVyTA="></latexit>
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Origin of E2 Puzzle 14C in psd Shell 
Perform CC and VS-IMSRG calculations of 14C in toy psd space with phenomenological potential 
 
 

                    Energies well converged all around 
 
 
 

                p/n amplitudes increase with p/h ex. 
 

                Only converged at 6-8 Nph 
 

                Not possible to capture in CC/IMSRG 
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Do Cross-Shell Spaces Improve Radii? 
Improved trends across oxygen isotopes with pd5s1 space! 
 

Calcium… not so much… 
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Shell Closures in Neutron-Rich Ni 
Defect 2: Incomplete 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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JDH, Stroberg, Schwenk, Simonis, 
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Present and Future for VS-IMSRG 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 

Nuclear Structure 
Development of forces and currents1 

Dripline predictions for medium-mass 
Evolution of magic numbers from masses, 
radii, spectroscopy, EM transitions: 78Ni 

Multi-shell theory:  
   Island of inversion2 

   Forbidden decays3 
 

Atomic systems4 
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Present and Future for VS-IMSRG 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 

Fundamental Symmetries/BSM Physics 
  Effective electroweak operators: GT quenching 

   Effective 0νββ decay operator5 

   WIMP-Nucleus scattering6 

   Superallowed Fermi transitions7 

   Symmetry-violating moments [molecules]8 

Nuclear Structure 
Development of forces and currents1 

Dripline predictions for medium-mass 
Evolution of magic numbers from masses, 
radii, spectroscopy, EM transitions: 78Ni 

Multi-shell theory:  
   Island of inversion2 

   Forbidden decays3 
 

Atomic systems4 
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Predictions with Nuclear Models 
How well can nuclear models motivate experiments, predict beyond data? 
 
 

 
           

 
 
 
 
 
 
 
 
 
 
 

 
Work well where informed 
by data 
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How well can nuclear models motivate experiments, predict beyond data? 
 
 
 
 
 

                                            Analogous picture in 0νββ decay 
           

 
 
 
 
 

 Double-beta decay matrix elements 
 
 

 
Models can extrapolate unreliably    
 

Spread in results ≠ meaningful uncertainty 

Predictions with Nuclear Models 
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Predictions with Nuclear Models 

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

How well can nuclear models motivate experiments, predict beyond data? 
 
 
 
 
 

                                            Analogous picture in 0νββ decay 
           

 
 
 
 
 

 Double-beta decay matrix elements 
 
 

 
Models can extrapolate unreliably    
 

Spread in results ≠ meaningful uncertainty 

Engel, Menendez 
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Major Issue II: Magic Numbers in Nuclei 
Magic numbers: pillars of nuclear structure, vital for r-process nucleosynthesis 2
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FIG. 1. Experimental E(2+1 ) systematics of even-even nuclear landscape. Shown are known E(2+1 ) of even-even
isotopes32 and the value for 78Ni obtained in the present study. Traditional magic numbers are indicated by dashed lines and
doubly magic nuclei are labelled. Also 68Ni, for which the number of neutrons N = 40 matches the harmonic oscillator shell
closure, is marked. The predicted two-neutron drip line and its uncertainties3 are shown in blue.

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

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

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

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

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

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

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

272829
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Magic Numbers in Nuclei 
Magic numbers: pillars of nuclear structure, novel evolution in exotic nuclei 2
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FIG. 1. Experimental E(2+1 ) systematics of even-even nuclear landscape. Shown are known E(2+1 ) of even-even
isotopes32 and the value for 78Ni obtained in the present study. Traditional magic numbers are indicated by dashed lines and
doubly magic nuclei are labelled. Also 68Ni, for which the number of neutrons N = 40 matches the harmonic oscillator shell
closure, is marked. The predicted two-neutron drip line and its uncertainties3 are shown in blue.

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

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

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

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

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

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

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

272829
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Magic Numbers in Nuclei 
Magic numbers: pillars of nuclear structure, novel evolution in exotic nuclei 2
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FIG. 1. Experimental E(2+1 ) systematics of even-even nuclear landscape. Shown are known E(2+1 ) of even-even
isotopes32 and the value for 78Ni obtained in the present study. Traditional magic numbers are indicated by dashed lines and
doubly magic nuclei are labelled. Also 68Ni, for which the number of neutrons N = 40 matches the harmonic oscillator shell
closure, is marked. The predicted two-neutron drip line and its uncertainties3 are shown in blue.

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

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

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

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

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

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

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

272829

Signatures of Magic Numbers 
  Sharp decrease in separation energy (masses) 
  Elevated first excited 2+ energy (spectroscopy) 
  Tightly bound (decreased radii) 
 

Must observe all signatures – many experiments (and calculations) needed! 
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Evolution of N=32,34 Magic Numbers 

 
•  How does TRIUMF contribute to moving the field forward?  

Magic numbers: pillars of nuclear structure, novel evolution in exotic nuclei 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Highlight of TRIUMF theory and experiment:  
 Discovery and evolution of new N=32,34 magic numbers in calcium region 
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FIG. 1. Experimental E(2+1 ) systematics of even-even nuclear landscape. Shown are known E(2+1 ) of even-even
isotopes32 and the value for 78Ni obtained in the present study. Traditional magic numbers are indicated by dashed lines and
doubly magic nuclei are labelled. Also 68Ni, for which the number of neutrons N = 40 matches the harmonic oscillator shell
closure, is marked. The predicted two-neutron drip line and its uncertainties3 are shown in blue.

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

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

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

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

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

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

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

272829
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Classic Picture of Magic Numbers 
2013 potentially new magic numbers from 2+ energies: N=32,34 
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Phenomenological Models 
   Reproduce magic N=28,32; discrepancy at N=34 (beyond data) 
 

Ab initio theories 
    Predict all magic numbers; consistent at N=34 
 

?
?

Hebeler et al, ARNPS 2015 Holt et al, JPG 2012 

Ab initio predictions 
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Evolution of N=32 Magic Number: Masses 
Further questions: how do magic numbers evolve with proton number? 
 

Current frontier of measurements and theory 
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New TITAN Measurements of Ti masses 
  Probe “dawning” of N=32 magic number  
 

Ab Initio from NN+3N 
  Generally good agreement, but predicts appearance too early 
 

Future: Evolution to be measured in Ar, Cl 

Leistenschneider et al, PRL 2018 
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Future: Evolution of N=28,32,34 Magic Numbers 
Ab initio predictions from above calcium towards oxygen – persistence of N=34 
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Missing Pillar: Magicity of 78Ni? 
New measurement at RIKEN 2+ energy in 78Ni – clear peak compared to 76Ni 
 
 
 
 
 
 
 
 
 
 
 
 
 
Peak wrt neighboring systems well predicted by IMSRG (also phenomenology) 
 

First evidence for the (double) magicity of 78Ni! 
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N=34 Magic Number in Calcium: Masses 

2017: 
Updated ab initio theory predicts shell closure 
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New data 
needed! 

2013-2018 impressive series of experiments; ideal example of theory/exp overlap 
 

Story continues at ??? 
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Persistence of N=34 Magic Number 
New measurement at RIKEN: 2+ energy in 52Ar – clear peak at N=34 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Agreement with IMSRG and other ab initio predictions (coupled cluster theory) 
 

First evidence for persistence of N=34 magic number away from calcium! 
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Natural Orbitals in IMSRG 

Miyagi, Stroberg, JDH… in prep  

They work! Next, test in VS formulation… 
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Chronological Reach of Ab Initio Theory 
Moore’s law: exponential growth in computing power                        
 

Methods for light nuclei (QMC, NCSM) scale exponentially with mass 
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Towards Neutrinoless Double Beta 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, electroweak physics 
   - Nuclear many-body problem 

8-10 years ago 
3-5 years ago 
Today 

10-15 years ago 
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Nature of Dark Matter: WIMP-Nucleus Scattering 
Exclusion plots for WIMP-nucleon total cross section: spin-dependent (axial) currents 
 
 
 
 
 
 
 
 
 
 
 
 
 

Differential cross section: compare results from different target nuclei 

d�

dp2
=

8G2
F

(2Ji + 1)v2
SA(p)
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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 
  

   

€ 

m0
2 = ?

Δm21
2 ≈ 7.5×10−5 eV2 (solar)
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Breadth of Ab Initio Theory 

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 
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Evolution of N=32 Magic Number: Charge Radii 
Charge radii of 49,51,52Ca, obtained from laser spectroscopy experiments at COLLAPS, CERN 
 

Unexpected large increase in charge radius questions the magicity of 52Ca 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Theoretical models all underestimate the charge radius 
 

Ab-initio calculations reproduce the trend of charge radii  
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Approaches to Nuclear Structure 
“The first, the basic approach, is to study the elementary particles, their properties and mutual 
interaction.  Thus one hopes to obtain knowledge of the nuclear forces.  If the forces are known, 
one should, in principle, be able to calculate deductively the properties of individual nuclei.  Only 
after this has been accomplished can one say that one completely understands nuclear 
structure… 
 
The other approach is that of the experimentalist and consists in obtaining by direct experimentation 
as many data as possible for individual nuclei. One hopes in this way to find regularities and 
correlations which give a clue to the structure of the nucleus…  The shell model, although proposed 
by theoreticians, really corresponds to the experimentalist’s approach.”  
 
–M. Goeppert-Mayer, Nobel Lecture 
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Approaches to Nuclear Structure 
“The first, the basic approach, is to study the elementary particles, their properties and mutual 
interaction.  Thus one hopes to obtain knowledge of the nuclear forces.  If the forces are known, 
one should, in principle, be able to calculate deductively the properties of individual nuclei.  Only 
after this has been accomplished can one say that one completely understands nuclear 
structure… 
 
The other approach is that of the experimentalist and consists in obtaining by direct experimentation 
as many data as possible for individual nuclei. One hopes in this way to find regularities and 
correlations which give a clue to the structure of the nucleus…  The shell model, although proposed 
by theoreticians, really corresponds to the experimentalist’s approach.”  
 
–M. Goeppert-Mayer, Nobel Lecture 
 
Ab initio approach vs. phenomenological models 
 

To date, nuclear physics largely phenomenological 
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!19Comparison 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, Stroberg, JDH… in prep  
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Typical IMSRG Failure 
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Chronological Reach of Ab Initio Theory 
Moore’s law: exponential growth in computing power                        
 

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

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

2v 1q1v 2q 3p1h 4p2h2v 1q1v 2q 3p1h 4p2h

H(s = 0) ! H(1)

Heff 

2019: A>100 
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Shell Closures in Neutron-Rich Ni 
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Deviations from Experimental Separation Energies 
Defect 1: Clear artifacts when changing valence spaces 
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Deviations from Experimental Separation Energies 
Defect 1: Clear artifacts when changing valence spaces 
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Residuals at Shell/Non-Shell Closures 
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
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<latexit sha1_base64="FzakGqrJUGC3L5JHG8RWtOG1Qrs=">AAACKXicbZBNS8NAEIY39bt+VT16WSxCe7AkIuqx4MWbClaFJpbNdtou3Xy4OymWkL/jxb/iRUFRr/4RN7UHa31h4eWZGXbm9WMpNNr2h1WYmZ2bX1hcKi6vrK6tlzY2r3SUKA4NHslI3fhMgxQhNFCghJtYAQt8Cdd+/ySvXw9AaRGFlziMwQtYNxQdwRka1CrV3TZIZNQNGPY4k+lZRl24S8TgN7pNK9irZnuTCO7jatYqle2aPRKdNs7YlMlY563Si9uOeBJAiFwyrZuOHaOXMoWCS8iKbqIhZrzPutA0NmQBaC8dXZrRXUPatBMp80KkI/p7ImWB1sPAN535qvpvLYf/1ZoJdo69VIRxghDyn486iaQY0Tw22hYKOMqhMYwrYXalvMcU42jCLZoQnL8nT5ur/Zpj/MVBuX44jmORbJMdUiEOOSJ1ckrOSYNw8kCeyCt5sx6tZ+vd+vxpLVjjmS0yIevrG8y3p4Y=</latexit><latexit sha1_base64="FzakGqrJUGC3L5JHG8RWtOG1Qrs=">AAACKXicbZBNS8NAEIY39bt+VT16WSxCe7AkIuqx4MWbClaFJpbNdtou3Xy4OymWkL/jxb/iRUFRr/4RN7UHa31h4eWZGXbm9WMpNNr2h1WYmZ2bX1hcKi6vrK6tlzY2r3SUKA4NHslI3fhMgxQhNFCghJtYAQt8Cdd+/ySvXw9AaRGFlziMwQtYNxQdwRka1CrV3TZIZNQNGPY4k+lZRl24S8TgN7pNK9irZnuTCO7jatYqle2aPRKdNs7YlMlY563Si9uOeBJAiFwyrZuOHaOXMoWCS8iKbqIhZrzPutA0NmQBaC8dXZrRXUPatBMp80KkI/p7ImWB1sPAN535qvpvLYf/1ZoJdo69VIRxghDyn486iaQY0Tw22hYKOMqhMYwrYXalvMcU42jCLZoQnL8nT5ur/Zpj/MVBuX44jmORbJMdUiEOOSJ1ckrOSYNw8kCeyCt5sx6tZ+vd+vxpLVjjmS0yIevrG8y3p4Y=</latexit><latexit sha1_base64="FzakGqrJUGC3L5JHG8RWtOG1Qrs=">AAACKXicbZBNS8NAEIY39bt+VT16WSxCe7AkIuqx4MWbClaFJpbNdtou3Xy4OymWkL/jxb/iRUFRr/4RN7UHa31h4eWZGXbm9WMpNNr2h1WYmZ2bX1hcKi6vrK6tlzY2r3SUKA4NHslI3fhMgxQhNFCghJtYAQt8Cdd+/ySvXw9AaRGFlziMwQtYNxQdwRka1CrV3TZIZNQNGPY4k+lZRl24S8TgN7pNK9irZnuTCO7jatYqle2aPRKdNs7YlMlY563Si9uOeBJAiFwyrZuOHaOXMoWCS8iKbqIhZrzPutA0NmQBaC8dXZrRXUPatBMp80KkI/p7ImWB1sPAN535qvpvLYf/1ZoJdo69VIRxghDyn486iaQY0Tw22hYKOMqhMYwrYXalvMcU42jCLZoQnL8nT5ur/Zpj/MVBuX44jmORbJMdUiEOOSJ1ckrOSYNw8kCeyCt5sx6tZ+vd+vxpLVjjmS0yIevrG8y3p4Y=</latexit><latexit sha1_base64="FzakGqrJUGC3L5JHG8RWtOG1Qrs=">AAACKXicbZBNS8NAEIY39bt+VT16WSxCe7AkIuqx4MWbClaFJpbNdtou3Xy4OymWkL/jxb/iRUFRr/4RN7UHa31h4eWZGXbm9WMpNNr2h1WYmZ2bX1hcKi6vrK6tlzY2r3SUKA4NHslI3fhMgxQhNFCghJtYAQt8Cdd+/ySvXw9AaRGFlziMwQtYNxQdwRka1CrV3TZIZNQNGPY4k+lZRl24S8TgN7pNK9irZnuTCO7jatYqle2aPRKdNs7YlMlY563Si9uOeBJAiFwyrZuOHaOXMoWCS8iKbqIhZrzPutA0NmQBaC8dXZrRXUPatBMp80KkI/p7ImWB1sPAN535qvpvLYf/1ZoJdo69VIRxghDyn486iaQY0Tw22hYKOMqhMYwrYXalvMcU42jCLZoQnL8nT5ur/Zpj/MVBuX44jmORbJMdUiEOOSJ1ckrOSYNw8kCeyCt5sx6tZ+vd+vxpLVjjmS0yIevrG8y3p4Y=</latexit>

JDH, Stroberg, Schwenk, Simonis, 
arXiv:1905.10475 
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Improve Cross-Shell Physics: Multi-Shell Spaces 
Essential for many applications: island of inversion, forbidden transitions, heavier beta decay cases 
 

IMSRG typically fails! 
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Proposed Fix: Modified Generator 
!14Flow 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).

Miyagi, Stroberg, JDH… in prep  

Proposed fix: modify generator to give constant shift to energy denominator  
 

Never have negative energy denominators if on order of hw… 
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Proposed Fix: Modified Generator 

Miyagi, Stroberg, JDH… in prep  

Proposed fix: modify generator to give constant shift to energy denominator  
 

Never have negative energy denominators if on order of hw… 
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Approaches to Nuclear Structure 
“The first, the basic approach, is to study the elementary particles, their properties and mutual 
interaction.  Thus one hopes to obtain knowledge of the nuclear forces.  If the forces are known, 
one should, in principle, be able to calculate deductively the properties of individual nuclei.  Only 
after this has been accomplished can one say that one completely understands nuclear 
structure… 
 
The other approach is that of the experimentalist and consists in obtaining by direct experimentation 
as many data as possible for individual nuclei. One hopes in this way to find regularities and 
correlations which give a clue to the structure of the nucleus…  The shell model, although proposed 
by theoreticians, really corresponds to the experimentalist’s approach.”  
 
–M. Goeppert-Mayer, Nobel Lecture 
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Approaches to Nuclear Structure 
“The first, the basic approach, is to study the elementary particles, their properties and mutual 
interaction.  Thus one hopes to obtain knowledge of the nuclear forces.  If the forces are known, 
one should, in principle, be able to calculate deductively the properties of individual nuclei.  Only 
after this has been accomplished can one say that one completely understands nuclear 
structure… 
 
The other approach is that of the experimentalist and consists in obtaining by direct experimentation 
as many data as possible for individual nuclei. One hopes in this way to find regularities and 
correlations which give a clue to the structure of the nucleus…  The shell model, although proposed 
by theoreticians, really corresponds to the experimentalist’s approach.”  
 
–M. Goeppert-Mayer, Nobel Lecture 
 
Ab initio approach vs. phenomenological models 
 

To date, nuclear physics largely phenomenological 
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Major Issue: Center of Mass 
!22Center-of-mass issue

▪ So far, we added the center-of-mass Hamiltonian at the shell-model 
calculation stage: 

▪ But, HVS is no longer represented in HO basis. We should add Hcm 
from the beginning:

H + �Hcm �! HVS �! energies
<latexit sha1_base64="vDr4+zz0AD4DhU6UYsQhNlwg/bU="></latexit>

H �! HVS + �Hcm �! energies
<latexit sha1_base64="y8wPaIQwnmd4gFU934HTJ5TaQcc="></latexit>

Miyagi, Stroberg, JDH… in prep  
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First Results 

E(2+) systematics
Violation of N=20 is clear!

sd shell calculation already reproduce partly the N=20 
violation

Calculated energies are systematically higher than data

With selected orbitals, free of CoM contamination 
 

Excited states in 16O, Island of Inversion 

Miyagi, Stroberg, JDH, Shimizu 
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Structure of Light Tin Isotopes 
Extend ab initio to heavy-mass region: magicity of 100Sn, controversial level ordering in 101Sn 
 
 
            

 
 
 
 
 
 
 
 
 
 
Predicts doubly magic nature from  
2+ energies and B(E2) systematics         Both calculations predict 5/2+ ground state 

Structure of the ligthest tin isotopes

Faestermann,	
Gorska,	
&	Grawe (2013)

t=4

T.	Morris	et	al,	arXiv:1709.02786	(2017).

Morris et al., PRL (2018) 
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Connection to Infinite Matter: Saturation as a Guide 
NN+3N force with good reproduction of ground-state energies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.8/2.0 (EM), new LNL potential reproduce ground-state energies through 78Ni 
 

NNLOsat, typically underbinds 

From G. Hagen -9

-8.5

-8

-7.5

-7

Exp.E/
A

 [M
eV

]

68Ni
56Ni

NNLOsat
NN+3N(lnl)

48Ni
16O

22O
24O

36Ca
40Ca

48Ca
52Ca

54Ca
60Ca

1.8/2.0(EM) [IM-SRG(2)]
From V. Soma 
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Breadth of Ab Initio Theory 
Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions 
 

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

H n = En n

10-15 years ago 
8-10 years ago 
3-5 years ago 
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(Two-Neutrino) Double-Beta Decay 
In rare cases beta decay is energetically forbidden – simultaneous beta decays 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2nd-order weak process allowed by standard model 
 
 
 

   

   

   

   

⇣
T 2⌫��
1/2

⌘�1
= G2⌫ (Q�� , Z)

��M2⌫
��2 ⇡ 1019yr
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(Two-Neutrino) Double-Beta Decay 
In rare cases beta decay is energetically forbidden – simultaneous beta decays 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2nd-order weak process allowed by standard model 
 
 
 
Lifetimes ~ 1020 years: governed by NME 

Observed in ~15 nuclei 

   

   

   

   

⇣
T 2⌫��
1/2

⌘�1
= G2⌫ (Q�� , Z)

��M2⌫
��2 ⇡ 1019yr
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Convergence of N=40 Gap 
Size of N=70 gap clearly not converged wrt E3max – for neutron-rich Sn, In, Cd… 
 
 
            

 
 
                  

 
 
  
           Resorted to unreliable 
           extrapolations… 

 
 
 
 

Lascar et al PRC (2017) 
Manea et al, submitted 
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Convergence of N=40 Gap 

Lascar et al PRC (2017) 
Manea et al, submitted 

Size of N=70 gap clearly not converged wrt E3max – for neutron-rich Sn, In, Cd… 
 
 
            

 
 
                  

 
 
  
           Resorted to unreliable 
           extrapolations… 

 
           New capabilities: converged spectra in N=82 region! 
            
           Explore new physics near 132Sn! 
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GT Transitions in Light nuclei and 100Sn 
NCSM in light nuclei, CC calculations of GT transition in 100Sn from different forces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Large quenching effect from correlations 
 

 

0.95 1.00 1.05 1.10
ratio to experiment

14O0 !14 N1

10C0 !10 B1

7Be 3
2

!7 Li 3
2

7Be 3
2

!7 Li 1
2

6He0 !6 Li1

3H 1
2

!3 He 1
2

GT only

GT + 2BC

|MGT|2

Gysbers et al., Nature Phys. (2019) 
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GT Transitions in Light nuclei and 100Sn 
NCSM in light nuclei, CC calculations of GT transition in 100Sn from different forces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Large quenching effect from correlations 
 

Without 2B currents, large spread in results 
 

0.95 1.00 1.05 1.10
ratio to experiment
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10C0 !10 B1

7Be 3
2

!7 Li 3
2

7Be 3
2

!7 Li 1
2

6He0 !6 Li1

3H 1
2

!3 He 1
2

GT only

GT + 2BC

|MGT|2

Gysbers et al., Nature Phys. (2019) 
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GT Transitions in Light nuclei and 100Sn 
NCSM in light nuclei 
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Gysbers et al., Nature Phys. (2019) 
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GT Transitions in Light nuclei and 100Sn 
NCSM in light nuclei 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2BC provide modest quenching in most cases 

Gysbers et al., Nature Phys. (2019) 
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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 

4 6 8 10 12

Nmax

1.60

1.65

1.70

1.75

1.80

|M
G

T
|

24Al !24 Mg
�⌧ (no srg)

�⌧

�⌧ + 2BC

Expt.
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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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Superallowed Fermi Transitions 

Essential for determinination of Vud 
 
 

                  Standard approach (T/H):  
 
 
 
 
 

 
 

 
               Ab initio approach 

Isospin mixing correction �C

K. Leach, CIPANP 2018 conference

Ragnar Stroberg (University of Washington) � decay with the VS-IMSRG April 11, 2019 17 / 23
Martin, JDH, Leach, Stroberg, in prep. 

|MF |2 = |M0
F |2(1� �C)

<latexit sha1_base64="2QUVe/fqqMiKPJZiLDuwzMD0fgM=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqAtLUgS7EQoFcSNUsBdo0zCZTNqhkwszE6GkXbrxVdy4UMStj+DOt3HSZqGtPwx8/OcczpzfiRgV0jC+tdzK6tr6Rn6zsLW9s7un7x+0RBhzTJo4ZCHvOEgQRgPSlFQy0ok4Qb7DSNsZ1dN6+4FwQcPgXo4jYvloEFCPYiSVZevHk1v7etKvXMEU+obCknnecwmTCNr1M1svGmVjJrgMZgZFkKlh6189N8SxTwKJGRKiaxqRtBLEJcWMTAu9WJAI4REakK7CAPlEWMnskCk8VY4LvZCrF0g4c39PJMgXYuw7qtNHcigWa6n5X60bS69qJTSIYkkCPF/kxQzKEKapQJdygiUbK0CYU/VXiIeIIyxVdgUVgrl48jK0KmVT8d1FsVbN4siDI3ACSsAEl6AGbkADNAEGj+AZvII37Ul70d61j3lrTstmDsEfaZ8/TL6XjQ==</latexit><latexit sha1_base64="2QUVe/fqqMiKPJZiLDuwzMD0fgM=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqAtLUgS7EQoFcSNUsBdo0zCZTNqhkwszE6GkXbrxVdy4UMStj+DOt3HSZqGtPwx8/OcczpzfiRgV0jC+tdzK6tr6Rn6zsLW9s7un7x+0RBhzTJo4ZCHvOEgQRgPSlFQy0ok4Qb7DSNsZ1dN6+4FwQcPgXo4jYvloEFCPYiSVZevHk1v7etKvXMEU+obCknnecwmTCNr1M1svGmVjJrgMZgZFkKlh6189N8SxTwKJGRKiaxqRtBLEJcWMTAu9WJAI4REakK7CAPlEWMnskCk8VY4LvZCrF0g4c39PJMgXYuw7qtNHcigWa6n5X60bS69qJTSIYkkCPF/kxQzKEKapQJdygiUbK0CYU/VXiIeIIyxVdgUVgrl48jK0KmVT8d1FsVbN4siDI3ACSsAEl6AGbkADNAEGj+AZvII37Ul70d61j3lrTstmDsEfaZ8/TL6XjQ==</latexit><latexit sha1_base64="2QUVe/fqqMiKPJZiLDuwzMD0fgM=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqAtLUgS7EQoFcSNUsBdo0zCZTNqhkwszE6GkXbrxVdy4UMStj+DOt3HSZqGtPwx8/OcczpzfiRgV0jC+tdzK6tr6Rn6zsLW9s7un7x+0RBhzTJo4ZCHvOEgQRgPSlFQy0ok4Qb7DSNsZ1dN6+4FwQcPgXo4jYvloEFCPYiSVZevHk1v7etKvXMEU+obCknnecwmTCNr1M1svGmVjJrgMZgZFkKlh6189N8SxTwKJGRKiaxqRtBLEJcWMTAu9WJAI4REakK7CAPlEWMnskCk8VY4LvZCrF0g4c39PJMgXYuw7qtNHcigWa6n5X60bS69qJTSIYkkCPF/kxQzKEKapQJdygiUbK0CYU/VXiIeIIyxVdgUVgrl48jK0KmVT8d1FsVbN4siDI3ACSsAEl6AGbkADNAEGj+AZvII37Ul70d61j3lrTstmDsEfaZ8/TL6XjQ==</latexit><latexit sha1_base64="2QUVe/fqqMiKPJZiLDuwzMD0fgM=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqAtLUgS7EQoFcSNUsBdo0zCZTNqhkwszE6GkXbrxVdy4UMStj+DOt3HSZqGtPwx8/OcczpzfiRgV0jC+tdzK6tr6Rn6zsLW9s7un7x+0RBhzTJo4ZCHvOEgQRgPSlFQy0ok4Qb7DSNsZ1dN6+4FwQcPgXo4jYvloEFCPYiSVZevHk1v7etKvXMEU+obCknnecwmTCNr1M1svGmVjJrgMZgZFkKlh6189N8SxTwKJGRKiaxqRtBLEJcWMTAu9WJAI4REakK7CAPlEWMnskCk8VY4LvZCrF0g4c39PJMgXYuw7qtNHcigWa6n5X60bS69qJTSIYkkCPF/kxQzKEKapQJdygiUbK0CYU/VXiIeIIyxVdgUVgrl48jK0KmVT8d1FsVbN4siDI3ACSsAEl6AGbkADNAEGj+AZvII37Ul70d61j3lrTstmDsEfaZ8/TL6XjQ==</latexit>
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Comparison with DFT/Machine Learning 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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Major Issue I: Limits of Existence of Nuclei 
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  

Ab initio prediction 
(2016) 
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obtained in large many-body spaces

AME 2012

Same result from same input NN+3N forces 
 

Already well beyond where fit to data! 
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Valence-Space IMSRG 

 

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

 
 
 

                  Careful benchmarking essential! 

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

✓
2H

od

�

◆
� h.c.

co
re

va
le

nc
e

ex
clu

de
d

decouple

decouple

Tsukiyama, Bogner, Schwenk, PRC 2012 
Morris, Parzuchowski, Bogner, PRC 2015 

Potential sources of error 
 

1) Deficiencies in nuclear forces / neglected EW currents 
 

2) Incomplete convergence in basis ✔ (N,Z < 50)  
 

3) Truncations in many-body operators? 
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Benchmarking VS-IMSRG: from Oxygen to Calcium 
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; Any operator can be calculated 
 

Low computational cost: ~1 node-day/nucleus 

Stroberg et al., PRL (2017) 

Potential sources of error 
 

1) Deficiencies in nuclear forces / neglected EW currents? 
 

2) Incomplete convergence in basis ✔ (N,Z < 50)  
 

3) Truncations in many-body operators ✔ (for energies) 
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Connection to Infinite Matter: Saturation as a Guide 
NN+3N force with good reproduction of ground-state energies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.8/2.0 (EM) reproduces ground-state energies through 78Ni 
 

Slight underbinding for neutron-rich oxygen 
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From G. Hagen 
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NN+3N Forces with Good Saturation Properties 
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Ca

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, charge radii, electroweak transitions… 
   - Test nuclear forces across range of nuclei 

Potential sources of error 
 

1) Deficiencies in nuclear forces / neglected EW currents ✔- (for energies) 
 

2) Incomplete convergence in basis ✔ (N,Z < 50)  
 

3) Truncations in many-body operators ✔ (for energies) 
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Status of 0νββ-decay Matrix Elements 
All calculations to date from extrapolated phenomenological models; large spread in results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All models missing essential physics 
 

Impossible to assign rigorous uncertainties – explore new approach to nuclear theory! 

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 .
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