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The Next Big Discovery: 0νββ-decay? 

Neutrino own antiparticle            0νββ decay 
 

 
 
 
 
 
 
 
 
 
 

 
Tremendous impact on BSM physics: 
 

Lepton-number violating process 
 

Majorana character of neutrino 
 

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

Progress in large-scale searches pushing towards IH 
 

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

Progress in large-scale searches pushing towards IH 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Uncertainty from Nuclear Matrix Element; bands do not represent rigorous uncertainties 
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Next Big Discovery: Nature of Dark Matter? 

Many direct-detection searches underway worldwide 
 
 
 
 
 
 
 
 
 
 
 
 
 
Direct detection: 
 

Leading candidates: neutralinos  
 

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

From CDMS collaboration 

Observation of nuclear recoil X SM ! X SM

Wikipedia Commons 



Next Big Discovery: Nature of Dark Matter? 

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

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

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

Differential cross section: compare results from different targets 
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Predictions with Models 

How well can nuclear models motivate experiments, predict beyond data? 
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 Double-beta decay matrix elements 
 
 
 
 
 

 
Often extrapolate unreliably    
 

Spread in results = meaningful uncertainty? 
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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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How well can nuclear models motivate experiments, predict beyond data? 
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0νββ-Decay Nuclear Matrix Element Status 

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

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

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

Rep. Prog. Phys. 80 (2017) 046301

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

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

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

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

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

    
    

H n = En n



Ab Initio Approach: Interactions 

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

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

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.”	



Effective Theory of Nuclear Forces 

Chiral effective field theory: systematic expansion of nuclear interactions 
 
 
 

        Nucleons interact via contact and pion exchanges 
 

        Undetermined low-energy constants fit to 2,3,4-body data 
 

        Consistent treatment of NN, 3N, 4N… forces 
 

        Quantitative estimation of neglected orders possible 
 
              Consistent EW interactions 

 

              Quantifiable uncertainties possible 
 

              Best fitting strategy for ~30  
                              undetermined couplings debated 
       

H n = En n             NN  3N   4N 

(2011)    (2006) 

derived in (1994/2002) 



Ab Initio Approach: Interactions 

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

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

H n = En n



Ab Initio Approach: Many-Body Methods 

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

   - Nuclear forces (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.” 



Chronological Reach of Ab Initio Many-Body Methods 

Moore’s law: exponential growth in computing power                        
 

Methods for light nuclei (QMC, NCSM) scale exponentially with mass 
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Mid 2000’s polynomial scaling methods developed (coupled cluster, in-medium SRG,…) 
   Explosion in limits of ab initio theory 



Chronological Reach of Ab Initio Many-Body Methods 

Moore’s law: exponential growth in computing power                        2017: A>100 
 

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

Mid 2000’s polynomial scaling methods developed (coupled cluster, in-medium SRG,…) 
   Explosion in limits of ab initio theory 



Breadth of Ab Initio Many-Body Methods 

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



Breadth of Ab Initio Many-Body Methods 

pf	

sd	

sdg	

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



Breadth of Ab Initio Many-Body Methods 

pf	

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

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

sdg	

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

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

H n = En n



Breadth of Ab Initio Many-Body Methods 

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

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

H n = En n

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 



Ab Initio 0νββ-Decay Predictions in the Shell Model 

Conventional Shell Model: phenomenological wavefunctions 
 

Ab initio valence-space: wavefunctions based on NN+3N forces from chiral EFT 
 
 
 
 
 
 
 
1)   Ab initio energies in medium/heavy-mass region 
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                                                Step 1: Decouple core 
                                                Step 2: Decouple valence space 
 
                                                Can we achieve accuracy 
                                                 of large-space methods? 

Valence-Space In-Medium SRG 
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Tsukiyama, Bogner, Schwenk, PRC 2012 
Morris, Parzuchowski, Bogner, PRC 2015 

Microscopic/E↵ective approach

E↵ective Interaction

Goal: Find a unitary transformation U
such that

H̃ = UHU †

hP |H̃|Qi = hQ|H̃|P i = 0

h ̃i|P̂ H̃P̂ | ̃ii = h i|H| ii

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

Explicitly construct unitary transformation from sequence of rotations 
 
 
 
 
 
 
All operators truncated at two-body level 
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Ground States: From Oxygen to Nickel 

ENO agrees to 1% with large-space methods (where calculations exist) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Extend beyond standard sd/pf shells 
 

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

Significant gain in applicability with little/no sacrifice in accuracy 
 

Low computational cost: ~1 node-day/nucleus 

Stroberg et al., PRL (2017) 



Ground States: From Oxygen to Nickel 

Targeted valence space agrees to 1% with all large-space methods (where calculations exist) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Extend beyond standard sd/pf shells 
 

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

Significant gain in applicability with little/no sacrifice in accuracy 
 

Low computational cost: ~1 node-day/nucleus 

Stroberg et al., PRL (2017) 



Breadth of Ab Initio Many-Body Methods 

pf	

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

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

sdg	

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

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

H n = En n

Extends range to all nuclei up to N,Z≈50 



Stark contrast in extrapolations between model extrapolations and ab initio  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

All ab initio methods in good agreement when starting from same input NN+3N forces 
 

Only informed by 2,3-body data 

Extrapolating Beyond Data 



Hebeler/Simonis NN+3N forces with reasonable saturation properties 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.8/2.0 (EM) reproduces closed shells through 78Ni 
 

Only underbound for neutron-rich oxygen 

Connection to Infinite Matter: Saturation as a Guide for Nuclei 
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Hebeler/Simonis NN+3N forces with reasonable saturation properties 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.8/2.0 (EM) reproduces closed shells through 78Ni 
 

Only underbound for neutron-rich oxygen 

Connection to Infinite Matter: Saturation as a Guide for Nuclei 

Simonis et al., arXiv:1704.02915 

From G. Hagen 
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Forces with good saturation 

Isotopic chains: dramatic improvement with respect to experimental data 
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Forces with good saturation 

Isotopic chains: dramatic improvement with respect to experimental data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

How well does it work across broad regions of nuclei? 
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Ground-State Properties in sd-Shell: F (Z=9) 

Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 

20 24 28 32 36 40

Mass Number A

-5

0

5

10

15

20

25

30

S
2

n
 (

M
eV

)

20 24 28 32 36 40

Mass Number A

-250

-200

-150

-100

E
n
er

g
y
 (

M
eV

)

IM-SRG

AME 2012

20 24 28 32 36 40

Mass Number A

-5

0

5

10

15

20

S
n
 (

M
eV

)

20 24 28 32 36 40

Mass Number A

0

1

2

3

 ∆
n

(3
)  (

M
eV

)

Na N=22

18 20 22 24 26 28 30 32 34 36

Mass Number A

-5

0

5

10

15

20

25

30

S
2
n
 (

M
eV

)

18 20 22 24 26 28 30 32 34 36

Mass Number A

-200

-180

-160

-140

-120

E
n

er
g

y
 (

M
eV

)

IM-SRG

AME 2012

18 20 22 24 26 28 30 32 34 36

Mass Number A

-5

0

5

10

15

S
n
 (

M
eV

)

18 20 22 24 26 28 30 32 34 36

Mass Number A

0

1

2

 ∆
n

(3
)  (

M
eV

)

F N=18

JDH, Stroberg, et al., in preparation 

Z=2	

Z=8	

Z=20	

Z=28	



Ground-State Properties in sd-Shell: Ne (Z=10) 
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Z=2	

Z=8	

Z=20	

Z=28	

Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: Na (Z=11) 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: Mg (Z=12) 

20 22 24 26 28 30 32 34 36 38 40 42 44

Mass Number A

-5

0

5

10

15

20

25

30

35

S
2
n
 (

M
eV

)

20 22 24 26 28 30 32 34 36 38 40 42 44

Mass Number A

-280

-260

-240

-220

-200

-180

-160

-140

-120

-100

E
n

er
g

y
 (

M
eV

)

IM-SRG

AME 2012

20 22 24 26 28 30 32 34 36 38 40 42 44

Mass Number A

-5

0

5

10

15

20

S
n
 (

M
eV

)

20 22 24 26 28 30 32 34 36 38 40 42 44

Mass Number A

0

1

2

3

4

5

 ∆
n

(3
)  (

M
eV

)

Mg N=28

JDH, Stroberg, et al., in preparation 

Z=2	
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Z=20	

Z=28	

Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: Al (Z=13) 
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Z=2	
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: Si (Z=14) 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: P (Z=15) 
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Z=2	
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Z=20	
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: S (Z=16) 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: Cl (Z=17) 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: Ar (Z=18) 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in sd-Shell: K (Z=19) 
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Z=2	

Z=8	

Z=20	
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=20 gap 



Ground-State Properties in pf-Shell: Ca (Z=20) 

JDH, Stroberg, et al., in preparation 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=40 gap 



Ground-State Properties in pf-Shell: Sc (Z=21) 

JDH, Stroberg, et al., in preparation 

Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=40 gap 
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Ground-State Properties in pf-Shell: Ti (Z=22) 

JDH, Stroberg, et al., in preparation 

Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=40 gap 
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       Ab initio prediction of 
       limits of nuclei 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

General agreement with model predictions 
 

Significant differences arise for heavy nuclei 
 

Ab Initio Dripline Prediction 

Holt, Stroberg, et al., 

p-shell dripline well predicted: 
incorrect for well-known halo structures 



       Ab initio prediction of 
       limits of nuclei 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

General agreement with model predictions 
 

Proton dripline: very good agreement with experiment 
 

Ab Initio Dripline Prediction 

Holt, Stroberg, et al., 

p-shell dripline well predicted: 
incorrect for well-known halo structures 



Ground-State Properties in pf-Shell: V (Z=23) 

JDH, Stroberg, et al., in preparation 
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Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=40 gap 



Ground-State Properties in pf-Shell: Cr (Z=24) 

Generally deformed, new data from ISOLTRAP 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=40 gap 

Ground-State Properties in pf-Shell: Mn (Z=25) 

JDH, Stroberg, et al., in preparation 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=40 gap 

Ground-State Properties in pf-Shell: Fe (Z=26) 

JDH, Stroberg, et al., in preparation 
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Ground-State Properties in pf-Shell: Ni (Z=28) 
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Explore ground-state properties throughout medium-mass region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remarkable agreement with experiment 
 

Probe dripline and beyond 
 

Artifacts at neutron N=40 gap 
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Ab Initio for Structure of Lightest Tin Isotopes 
Level ordering near 101Sn controversial and unknown: insights from ab initio valence-space IMSRG 
 
 
         1.8/2.0(EM) reproduces gs energies across chart 
         Use in study of Sn isotopes 

 
 
 
 
 
 
 
 
 
 
 
Ab initio predicts 5/2+ ground state, but within theoretical uncertainties 

Morris	et	al,	arXiv:1709.02786	



Towards big questions: 0νββ-decay 

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

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

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

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



Ab Initio 0νββ-Decay Predictions from Valence-Space IMSRG 

Conventional SM: phenomenological wavefunctions 
 

Ab initio SM: wavefunctions from chiral NN+3N forces 
 
 
 
 
 
 
 
1)   Ab initio energies in medium/heavy-mass region 
 

 Valence-space IM-SRG for all medium-mass nuclei  
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Rotational bands in 24Mg

Ragnar Stroberg (TRIUMF) Valence space IM-SRG May 26, 2016 22 / 30

Ab Initio 0νββ-Decay Predictions from Valence-Space IMSRG 

Conventional SM: phenomenological wavefunctions 
 

Ab initio SM: wavefunctions from chiral NN+3N forces 
 
 
 
 
 
 
 
1)   Ab initio energies in medium/heavy-mass region 
 

 Valence-space IM-SRG for all medium-mass nuclei  
 

 Deformation challenging for large-space methods 
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Ab Initio 0νββ-Decay Predictions from Valence-Space IMSRG 

Conventional SM: phenomenological wavefunctions 
 

Ab initio SM: wavefunctions from chiral NN+3N forces 
 
 
 
 
 
 
 
1)   Ab initio energies in medium/heavy-mass region 
 

 Valence-space IM-SRG for all medium-mass nuclei  
 

 Deformation challenging for large-space methods 
 

 First ab initio calculation of 76Ge/76Se 
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Ab Initio 0νββ-Decay Predictions in the Shell Model 

Conventional SM: phenomenological wavefunctions + bare operator 
 

Ab initio SM: wavefunctions from chiral NN+3N forces + consistent effective operator 
 
 
 
 
 
 
 
1)   Ab initio energies in medium/heavy-mass region 
2)   Effective decay operator: decouple valence-space operator (analogous to Hamiltonian) 
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                                               Step 1: Decouple core 
                                               Step 2: Decouple valence space 
                                               Step 3: Decouple additional operators 
 

Effective Valence-Space In-Medium SRG Operators 

co
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decouple

Microscopic/E↵ective approach

E↵ective Interaction

Goal: Find a unitary transformation U
such that

H̃ = UHU †

hP |H̃|Qi = hQ|H̃|P i = 0

h ̃i|P̂ H̃P̂ | ̃ii = h i|H| ii

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

Explicitly construct unitary transformation from sequence of rotations 
 
 
 
 
 
 
H̃ = e⌦He�⌦ = H + [⌦, H] +

1

2
[⌦, [⌦, H]] + · · ·

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]] + · · ·



Testing microscopic descriptions of collectivity 

•  Use	GOSIA	Coulomb-excitaIon	code	to	extract	matrix	
elements	

•  Compare	with	NCSpM	(LSU)	and	VS-IM-SRG	(TRIUMF)	
•  NCSpM	-	does	excellent	job	-	expensive	calculaIons	
•  VS-IM-SRG	underpredicts	strength	-	relaIvely	
inexpensive	-	qualitaIve	descripIon	excellent	

Henderson	et	al.,	PLB		



Testing microscopic descriptions of collectivity 

Assess	nature	of	missing	VS-IM-SRG	E2	strength:	

If	missing	E2	strength	isoscalar,	expected	“projected”	B(E2)	to	match	experiment	

• Projected	B(E2)	consistently	15%	over/
under	predicted	by	VS-IM-SRG	
• Missing	strength	has	consistent	
isovector	component	

• Promising	for	future	development	

•  Shell	model	(USDB)	shows	no	consistent	
behaviour	



“Quenching” of gA in Gamow-Teller Decays 

Long-standing problem in weak decays of nuclei: should gA be “quenched”? 
 
 
 

Using                                 agrees with data ge↵A ⇡ 0.77⇥ gfreeA



Two-body Currents in Nuclei 

Chiral Effective Field Theory – electroweak currents consistent with nuclear forces 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Clear Importance in for M1 transitions in light nuclei  

Magnetic Moments and M1 Transitions
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* 2b electromagnetic currents bring the THEORY in agreement with the EXPT

* ∼ 40% 2b-current contribution found in 9C m.m.

* ∼ 60−70% of total 2b-current component is due to one-pion-exchange currents

* ∼ 20-30% 2b found in M1 transitions in 8Be

Pastore et al. PRC87(2013)035503 & PRC90(2014)024321, Datar et al. PRL111(2013)062502
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Axial vector currents & 3N forces in chiral EFT 

•  Nuclear currents are 
obtained consistently 

–  LO: standard single-
nucleon terms 

–  N2LO: first appearance of 
two-body currents 

–  Two-body axial vector 
currents predicted by NN 
and 3N couplings 

•  3H binding energy and           
β-decay half-life uncorrelated 
–  Used to fully constrain N2LO 

3N force (cE, cD) in A=3  

Park et al., Gardestig & Phillips, ... 

Three-Nucleon Low-Energy Constants from the Consistency of Interactions and Currents
in Chiral Effective Field Theory

Doron Gazit
Institute for Nuclear Theory, University of Washington, Box 351550, Seattle, Washington 98195, USA

Sofia Quaglioni and Petr Navrátil
Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA

(Received 23 December 2008; published 1 September 2009)

The chiral low-energy constants cD and cE are constrained by means of accurate ab initio calculations

of the A ¼ 3 binding energies and, for the first time, of the triton ! decay. We demonstrate that these low-

energy observables allow a robust determination of the two undetermined constants, a result of the

surprising fact that the determination of cD depends weakly on the short-range correlations in the wave

functions. These two- plus three-nucleon interactions, originating in chiral effective field theory and

constrained by properties of the A ¼ 2 system and the present determination of cD and cE, are successful
in predicting properties of the A ¼ 3 and 4 systems.

DOI: 10.1103/PhysRevLett.103.102502 PACS numbers: 21.30."x, 21.45.Ff, 23.40."s, 27.10.+h

The fundamental connection between nuclear forces and
the underlying theory of quantum chromodynamics (QCD)
remains one of the greatest contemporary theoretical chal-
lenges, due to the nonperturbative character of QCD in the
low-energy regime relevant to nuclear phenomena.
However, the past two decades of theoretical developments
provide us with a bridge to overcome this obstacle, in the
form of chiral perturbation theory ("PT) [1]. The "PT
Lagrangian, constructed by integrating out degrees of free-
dom of the order of!" # 1 GeV and higher (nucleons and

pions are thus the only explicit degrees of freedom), is an
effective Lagrangian of QCD at low energies. As such, it
retains all conjectured symmetry principles, particularly
the approximate chiral symmetry, of the underlying theory.
Furthermore, it can be organized in terms of a perturbative
expansion in positive powers of Q=!" where Q is the

generic momentum in the nuclear process or the pion
mass [1]. Though the subject of an ongoing debate about
its validity [2,3], the naive extension of this expansion to
nonperturbative phenomena provides a practical interface
with existing many-body techniques, and clearly holds a
significant value for the study of the properties of QCD at
low energy and its chiral symmetry.

The chiral symmetry dictates the operator structure of
each term of the effective Lagrangian, whereas the cou-
pling constants (not fixed by the symmetry) carry all the
information on the integrated-out degrees of freedom. A
theoretical evaluation of these coefficients, or low-energy
constants (LECs), is equivalent to solving QCD at low
energy. Recent lattice QCD calculations have allowed a
theoretical estimate of LECs of single- and two-nucleon
diagrams [4], while LECs of diagrams involving more than
two nucleons are out of the reach of current computational
resources. Alternatively, the undetermined constants can
be constrained by low-energy experiments.

The strength of "PT is that the chiral expansion is used
to derive both nuclear potentials and currents from the
same Lagrangian. Therefore, the electroweak currents in
nuclei (which determine reaction rates in processes involv-
ing external probes) and the strong interaction dynamics
(#N scattering, the NN interaction, the NNN interaction,
etc.) are all based on the same theoretical grounds and
rooted in the low-energy limits of QCD. In particular, "PT
predicts, along with theNN interaction at the leading order
(LO), a three-nucleon (NNN) interaction at the next-to-
next-to-leading order or N2LO [5,6], and even a four-
nucleon force at the fourth order (N3LO) [7]. At the
same time, the LO nuclear current consists of (the stan-
dard) single-nucleon terms, while two-body currents, also
known as meson-exchange currents (MEC), make their
first appearance at N2LO [8]. Up to N3LO both the NNN
potential and the current are fully constrained by the
parameters defining the NN interaction, with the exception
of two ‘‘new’’ LECs, cD and cE. The latter, cE, appears
only in the potential as the strength of the NNN contact
term [see Fig. 1(a)]. On the other hand, cD manifests itself
both in the contact term part of the NN-#-N three-nucleon
interaction of Fig. 1(a) and in the two-nucleon contact
vertex with an external probe of the exchange currents
[see Fig. 1(b)].

cD cE cD
(a) (b)

FIG. 1. Contact and one-pion exchange plus contact
interaction (a), and contact MEC (b) terms of "PT.
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* 2b electromagnetic currents bring the THEORY in agreement with the EXPT

* ∼ 40% 2b-current contribution found in 9C m.m.

* ∼ 60−70% of total 2b-current component is due to one-pion-exchange currents

* ∼ 20-30% 2b found in M1 transitions in 8Be
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Two-body Currents in Nuclei 

Chiral Effective Field Theory – electroweak currents consistent with nuclear forces 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Clear increase for GT transitions in GFMC – inconsistent forces/currents 

Axial vector currents & 3N forces in chiral EFT 

•  Nuclear currents are 
obtained consistently 

–  LO: standard single-
nucleon terms 

–  N2LO: first appearance of 
two-body currents 

–  Two-body axial vector 
currents predicted by NN 
and 3N couplings 

•  3H binding energy and           
β-decay half-life uncorrelated 
–  Used to fully constrain N2LO 

3N force (cE, cD) in A=3  

Park et al., Gardestig & Phillips, ... 
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The chiral low-energy constants cD and cE are constrained by means of accurate ab initio calculations

of the A ¼ 3 binding energies and, for the first time, of the triton ! decay. We demonstrate that these low-

energy observables allow a robust determination of the two undetermined constants, a result of the

surprising fact that the determination of cD depends weakly on the short-range correlations in the wave

functions. These two- plus three-nucleon interactions, originating in chiral effective field theory and

constrained by properties of the A ¼ 2 system and the present determination of cD and cE, are successful
in predicting properties of the A ¼ 3 and 4 systems.
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The fundamental connection between nuclear forces and
the underlying theory of quantum chromodynamics (QCD)
remains one of the greatest contemporary theoretical chal-
lenges, due to the nonperturbative character of QCD in the
low-energy regime relevant to nuclear phenomena.
However, the past two decades of theoretical developments
provide us with a bridge to overcome this obstacle, in the
form of chiral perturbation theory ("PT) [1]. The "PT
Lagrangian, constructed by integrating out degrees of free-
dom of the order of!" # 1 GeV and higher (nucleons and

pions are thus the only explicit degrees of freedom), is an
effective Lagrangian of QCD at low energies. As such, it
retains all conjectured symmetry principles, particularly
the approximate chiral symmetry, of the underlying theory.
Furthermore, it can be organized in terms of a perturbative
expansion in positive powers of Q=!" where Q is the

generic momentum in the nuclear process or the pion
mass [1]. Though the subject of an ongoing debate about
its validity [2,3], the naive extension of this expansion to
nonperturbative phenomena provides a practical interface
with existing many-body techniques, and clearly holds a
significant value for the study of the properties of QCD at
low energy and its chiral symmetry.

The chiral symmetry dictates the operator structure of
each term of the effective Lagrangian, whereas the cou-
pling constants (not fixed by the symmetry) carry all the
information on the integrated-out degrees of freedom. A
theoretical evaluation of these coefficients, or low-energy
constants (LECs), is equivalent to solving QCD at low
energy. Recent lattice QCD calculations have allowed a
theoretical estimate of LECs of single- and two-nucleon
diagrams [4], while LECs of diagrams involving more than
two nucleons are out of the reach of current computational
resources. Alternatively, the undetermined constants can
be constrained by low-energy experiments.

The strength of "PT is that the chiral expansion is used
to derive both nuclear potentials and currents from the
same Lagrangian. Therefore, the electroweak currents in
nuclei (which determine reaction rates in processes involv-
ing external probes) and the strong interaction dynamics
(#N scattering, the NN interaction, the NNN interaction,
etc.) are all based on the same theoretical grounds and
rooted in the low-energy limits of QCD. In particular, "PT
predicts, along with theNN interaction at the leading order
(LO), a three-nucleon (NNN) interaction at the next-to-
next-to-leading order or N2LO [5,6], and even a four-
nucleon force at the fourth order (N3LO) [7]. At the
same time, the LO nuclear current consists of (the stan-
dard) single-nucleon terms, while two-body currents, also
known as meson-exchange currents (MEC), make their
first appearance at N2LO [8]. Up to N3LO both the NNN
potential and the current are fully constrained by the
parameters defining the NN interaction, with the exception
of two ‘‘new’’ LECs, cD and cE. The latter, cE, appears
only in the potential as the strength of the NNN contact
term [see Fig. 1(a)]. On the other hand, cD manifests itself
both in the contact term part of the NN-#-N three-nucleon
interaction of Fig. 1(a) and in the two-nucleon contact
vertex with an external probe of the exchange currents
[see Fig. 1(b)].
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“Quenching” of gA in Gamow-Teller Decays 

 VS-IMSRG calculations of GT transitions in sd, pf shells 
 

Minor effect from consistent effective operator 
 

Significant effect from neglected 2-body currents 
 
 
 
 
 
 
 
 
 
 
 
 
Ab initio calculations explain data with unquenched gA 



“Quenching” of gA in Gamow-Teller Decays 

Prediction from light nuclei to super allowed GT transition in 100Sn 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Agreement with data with no need for quenching 
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Ab Initio 2νββ-decay 

First benchmark to reproduce known shell-model results 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
First ab initio valence-space calculations of GT transition rates 
 

2ṍṂṂ VS-IM-SRG Results: Benchmarking (Unevolved)10

VS = pf-shell, with no IMSRG evolution 
reproduces ShM results [6]



Ab Initio 2νββ-decay 

Consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents) 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
VS-IMSRG: decrease in final matrix element 
 

Likely missing contributions from intermediate states outside valence space 

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

2ṍṂṂ VS-IM-SRG Results: Evolved, “Magic”11



Ab Initio 2νββ-decay 

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

 
 
 
 
 
 
 
 
 
 
 
 
 
VS-IMSRG: decrease in final matrix element 
 

Likely missing contributions from intermediate states outside valence space 

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



Ab Initio 0νββ-decay 

Consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
General cancellation between Fermi and Tensor contributions 

0ṍṂṂ VS-IM-SRG Results: Evolved, “Magic” 13



Ab Initio 0νββ-decay 

Consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Final matrix element converged – significant decrease from phenomenology 

0ṍṂṂ VS-IM-SRG Results: Evolved, “Magic” 14



Ab Initio 0νββ-decay 

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

0ṍṂṂ VS-IM-SRG Results: Evolved, “Magic” 14 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

48Ca 
 



Ab Initio 0νββ-decay 

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

Consistent prediction from independent method 
 

Two-body currents in progress – typically decrease NME 
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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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Ab Initio 0νββ-Decay Predictions in the Shell Model 

Standard SM: phenomenological wavefunctions + bare operator 
 

Ab initio SM: wavefunctions from chiral NN+3N forces + consistent effective operator 
 
 
 
 
 
 
 
1)   Ab initio energies in medium/heavy-mass region 
2)   Effective decay operator: decouple valence-space operator 

3)   Operator corrections 
  Two-body currents 
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Towards big questions: WIMP-Nucleus Scattering 

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

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

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

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



Ab Initio WIMP-Nucleus Response Functions (Isoscalar) 

Leutheusser, Stroberg, Holt 
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Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces + 2b currents  
 



Outlook 

Ab initio valence-shell Hamiltonians 
 First ab initio prediction of  nuclear driplines 
 Cross-shell spaces underway: Island of  inversion 
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Fundamental physics 
 Effective electroweak operators: M1, GT,… 

   Effective 0νββ decay operator 
   WIMP-Nucleus scattering 

Outstanding issues 
 Controlled IMSRG(3) approximation 

   E2 operators problematic 
   Continuum essential beyond stability 

   Too-high 2+ energies at closed shells 
   Quantify uncertainties 


