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VIEWPOINT

The Hunt for No Neutrinos
Four experiments have demonstrated new levels of sensitivity to neutrinoless double-beta
decay, a process whose existence would prove that neutrinos are their own antiparticles.

by Jonathan Engel∗ and Petr Vogel†

T he search for physics beyond the standard
model—our current best description of funda-
mental particles and the interactions between
them—is a top priority at high-energy particle

accelerators. But researchers are also searching for new
physics in the “low-energy” environment of the nucleus
through a process known as neutrinoless double-beta
(0νββ) decay. This hypothetical decay would show that
neutrinos are their own antiparticles and that a fundamental
law—the conservation of lepton number—is violated in
nature. It would also explain why neutrinos are so light.
Four experimental collaborations [1–4] are reporting new
lower limits on the decay’s half-life, all of which exceed
1025 years. Several of these experiments should reach the
1026 level soon, thus catching up with a fifth experiment [5].
These new results invite a discussion of why detecting 0νββ
decay is of interest and what physicists might learn as the
experiments become more sensitive.

A striking feature of neutrinos is their extremely small
mass. The particles, which exist in three possible mass states,
are about 106 times lighter than the next lightest fermion, the
electron. This vast discrepancy suggests that the origin of
neutrino mass is different from that of all other fermions, in-
volving physics that goes beyond the standard model. Most
such extensions of the model say that the neutrinos are Ma-
jorana particles—meaning they are their own antiparticles.
These theories explain the light neutrino masses as being
inversely proportional to a large mass scale set by other par-
ticles that have yet to be seen.

Now if neutrinos are Majorana particles, then they violate
the conservation of lepton number—the quantum number
that is assigned to all leptons and is 1 for electrons and
neutrinos and −1 for their respective antiparticles. In the
process of two-neutrino beta decay (Fig. 1, left), which is al-
lowed in certain isotopes, two neutrons transform into two
protons plus two electrons and two antineutrinos. Lepton
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Figure 1: ‘‘Two-neutrino’’ double-beta decay (left) is allowed in
certain isotopes and involves the transformation of two neutrons
into two protons, two electrons, and two antineutrinos. If neutrinos
are Majorana particles then a neutrinoless form of this double-beta
decay should be allowed. Different models for the decay describe
it in terms of the creation and destruction of a Majorana neutrino
(center) or of an unknown heavier particle (right). (APS/Alan
Stonebraker)

number is therefore conserved because the electrons and an-
tineutrinos have opposite lepton number. But if neutrinos
are Majorana particles, double-beta decay can occur without
the emission of antineutrinos, meaning the lepton number
changes by 2.

Various mechanisms for this neutrinoless process are pos-
sible. They involve the creation and destruction of either a
virtual Majorana neutrino (Fig. 1, center) or of some new
heavy particle (Fig. 1, right). If nature chooses the first
scenario (virtual Majorana neutrinos), the decay rate is pro-
portional to the square of a mass called mββ, which is a
weighted average of the masses of the three neutrino mass
states. If nature prefers the second option (heavy particles),
the relation between the decay rate and neutrino masses is
more complicated. But detecting the decay, no matter which
mechanism causes it, would tell us that neutrinos are Ma-
jorana particles and that there are new particles allowing
the nonconservation of lepton number. The discovery that
lepton number isn’t conserved might also point physicists
toward an explanation for the observed asymmetry between
matter and antimatter.

The four experiments all determine the decay half-life (the
inverse of the decay rate) in roughly the same way: by moni-
toring a large number of atoms of a given double-beta decay
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Goal of Collaboration

Improved accuracy and quantifiable error bars in calculations of the
nuclear matrix elements affecting:

the rate of neutrinoless double-beta decay
atomic electric-dipole moments
cross sections for scattering of dark-matter
particles from nuclei
parity-violation experiments

These are all important goals, supporting a variety of experiments,
but better matrix elements for double-beta decay are crucial.

DOE intends to invest a lot of money in one or more “best” ββ
experiments.
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Neutrino Physics and Neutrinoless ββ Decay

Expected value of effective neutrino mass
to be extracted from ββ experiments: Review

2

Fortunately, nuclear-structure theory has made rapid pro-
gress in the past decade, and the community is now in a posi-
tion to improve calculated matrix elements materially. This 
review describes work that has already been carried out, from 
early pioneering studies to more recent and sophisticated 
efforts, and discusses what is needed to do significantly bet-
ter. We are optimistic that recent progress in the use of chiral 
effective field theory (χEFT) to understand nuclear interac-
tions [19–22], and of nonperturbative methods to solve the 
nuclear many-body problem efficiently from first principles 
(with controlled errors) [23–28] will produce reliable matrix 
elements with quantified uncertainties over the next five or so 
years. We will outline the ways in which that might happen.

This review is structured as follows: section 2 discusses the 
significance of νββ0  decay and the nuclear matrix elements 
that govern it. Section  3 reviews calculations of the matrix 
elements and indicates where we stand at present. Section 4 is 
a slight detour into a more general problem, the ‘renormaliza-
tion of the axial vector coupling gA’, that has important conse-
quences for νββ0  nuclear matrix elements. Section 5 is about 
ways in which matrix-element calculations should improve in 
the next few years, and ways in which the uncertainty in new 
calculations can be assessed. Section 6 is a conclusion.

2.  Significance of double-beta decay

2.1.  Neutrino masses and hierarchy

Before turning to nuclear-structure theory, we very briefly 
review the neutrino physics that makes it necessary. References 
[29] and [30] contain pedagogical reviews of both the neutrino 
physics and the nuclear matrix elements that are relevant for 
ββ decay.

Flavor oscillations of neutrinos from the atmosphere 
[31], from the sun [32], and from nuclear reactors [33] have 
revealed neutrino properties that were unknown a few dec-
ades ago. Neutrinos have mass, but the three kinds of neutrino 
with well-defined masses are linear combinations of the kinds 
with definite flavor that interact in weak processes. We know 
with reasonable accuracy the differences in squared mass 
among the three mass eigenstates, with one smaller difference 
∆ �m 75 meVsun

2 2   [34] coming mainly from solar-neutrino 
experiments and one larger difference ∆ �m 2400 meVatm

2 2   
[34] coming mainly from atmospheric-neutrino experiments. 
We also know, with comparable accuracy, the mixing angles 
that specify which linear combinations of flavor eigenstates 
have definite mass [35].

The arrangement of the masses, called the ‘hierarchy’, is 
still unknown, however. There are two possibilities: either the 
two mass eigenstates that mix most strongly with electron fla-
vor are lighter than the third (the ‘normal hierarchy’, because 
it is similar to the hierarchy of quark mass eigenstates) or they 
are heavier (the ‘inverted hierarchy’). Long baseline neutrino-
oscillation experiments can eventually determine the hierar-
chy with a confidence level corresponding to four standard 
deviations or more, but for now they show just a two-σ pref-
erence for the normal hierarchy [36, 37]. Figure 1 shows the 

present experimental νββ0  decay limits on the combination of 
neutrino masses ββm  (defined by equation (5) in section 2.2.1), 
together with the regions corresponding to the normal and 
inverted hierarchies, as a function of the mass of the lightest 
neutrino. If the hierarchy is normal and the lightest neutrino is 
lighter than about 10 meV, then a detection of νββ0  decay is 
out of reach for the coming generation of experiments unless 
the decay is driven by the exchange of a heavy particle, the 
existence of which we have not yet discovered, or some other 
new physics (see section 2.2.2). If the hierarchy is inverted, 
the experiments to take place in the next decade have a good 
chance to see the decay, provided they have enough material. 
Indeed, figure  1 shows that the current experimental limit 
almost touches the upper part of the inverted-hierarchy region.

How much material will be needed to completely cover the 
region, so that we can conclude in the absence of a νββ0  sig-
nal that either the neutrino hierarchy is normal or neutrinos 
are Dirac particles? And in the event of a signal, how will 
we tell whether the exchange of light neutrinos or some other 
mechanism is responsible? If it is the latter, what is the under-
lying new physics? To answer any of these questions, we need 
accurate nuclear matrix elements.

2.2.  Neutrinoless double-beta decay

2.2.1.  Light-neutrino exchange.  The beginning of this sec-
tion  closely follows [29], which itself is informed by [38]. 
More detailed derivations of the ββ transition rates can be 
found in [39–41].

Figure 1.  Left panel: bands for the value of the parameter ββm  
as a function of the mass of the lightest neutrino, for the case of 
normal (NH, red band) and inverted (IH, green band) neutrino-mass 
hierarchies. The present best experimental upper limits on ββm  are 
shown in the blue band. Right panel: present best upper limits, with 
uncertainty bars, on ββm  from experiments performed on each ββ 
emitter, as a function of mass number A. The uncertainty bands and 
bars include experimental uncertainties and ranges of calculated 
nuclear matrix elements. Adapted figure with permission from [5], 
Copyright (2016) by the American Physical Society.
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Physics of Neutrinoless Double-Beta Decay
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Diagram is proportional to
effective Majorana mass
of light neutrinos,

mββ =
∑

i

U2
ei mi ,

no matter what the source
of the mass.

But the mass must come from somewhere, and the Standard
Model by itself doesn’t allow it.



Seesaw

eL eR

〈H〉
This is the way charged fermions get
mass in the Standard Model. Neutrinos
cannot because the ones we know
about seem to be left handed only.

But if there are heavy right-handed neutrinos, then an off-diagonal
version of the same diagram operates:

νL NR

〈H〉

NR νL

〈H〉

X
NR νL

〈H〉

X

. . . and the left-handed neutrino gets a Majorana mass from the
concatenation of two such diagrams.

νL is light (≈ m2
e/mR) because of the two electron-mass-like

vertices and the heavy-neutrino propagator.



Seesaw

eL eR

〈H〉
This is the way charged fermions get
mass in the Standard Model. Neutrinos
cannot because the ones we know
about seem to be left handed only.

But if there are heavy right-handed neutrinos, then an off-diagonal
version of the same diagram operates:

νL NR

〈H〉

NR νL

〈H〉

X
NR νL

〈H〉

X

. . . and the left-handed neutrino gets a Majorana mass from the
concatenation of two such diagrams.

νL is light (≈ m2
e/mR) because of the two electron-mass-like

vertices and the heavy-neutrino propagator.



Seesaw

eL eR

〈H〉
This is the way charged fermions get
mass in the Standard Model. Neutrinos
cannot because the ones we know
about seem to be left handed only.

But if there are heavy right-handed neutrinos, then an off-diagonal
version of the same diagram operates:

νL NR

〈H〉

NR νL

〈H〉

X

NR νL

〈H〉

X

. . . and the left-handed neutrino gets a Majorana mass from the
concatenation of two such diagrams.

νL is light (≈ m2
e/mR) because of the two electron-mass-like

vertices and the heavy-neutrino propagator.



Seesaw

eL eR

〈H〉
This is the way charged fermions get
mass in the Standard Model. Neutrinos
cannot because the ones we know
about seem to be left handed only.

But if there are heavy right-handed neutrinos, then an off-diagonal
version of the same diagram operates:

νL NR

〈H〉

NR νL

〈H〉

X

NR νL

〈H〉

X

. . . and the left-handed neutrino gets a Majorana mass from the
concatenation of two such diagrams.

νL is light (≈ m2
e/mR) because of the two electron-mass-like

vertices and the heavy-neutrino propagator.



New Physics Can Contribute Directly to ββ Decay

If neutrinoless decay occurs then ν’s
are Majorana, no matter what:

Z0�
heavy �

GF
2

2 
MWL

MWR

�4
 1

mR
� . �41�

For light neutrino exchange, there are no WR’s in the
dominant term, and the propagator is roughly propor-
tional to �m��	 / �q	2, where �q	�100 MeV is a typical
virtual-neutrino momentum. Then, instead of Eq. �41�,
we have

Z0�
light �

GF
2�m��	
2�q	2 �42�

so that the two amplitudes will be approximately equal
when �assuming that MWR

�mR� �Mohapatra 1999; Cir-
igliano et al., 2004�,

mR � 
MWL

4 �q	2

�m��	
�1/5

, �43�

which is on the order of 1 TeV for �m��	���matm
2 . Thus

if the heavy mass scale in left-right symmetric models is
about a TeV or less, it will not be so easy to determine
the mass scale of the light neutrinos from double beta
decay. The same statement is true of many other hypo-
thetical lepton-number-violating models �supersymme-
try, leptoquarks, etc.� because they usually generate
double beta decay in a similar way, through graphs in
which heavy particles of some kind play the role of the
WR’s and heavy neutrinos.

Neutrinoless double beta decay in extra-standard
models gives rise to new nuclear matrix elements. The
presence of a single right-handed lepton current causes
the q��� term in the propagator of Eq. �21� to contribute
to the amplitude, giving rise to derivatives of the neu-
trino potential presented here or forcing one of the elec-
trons into a p state. The outgoing p wave leads to a
different dependence on the angle between the two
emitted electrons that could in principle be exploited to
distinguish between the action of right-handed currents
and the neutrino mass in light neutrino exchange. But
the short-range exchange of a heavy particle will not
always manifest something like the q��� term, and often
the only way to distinguish such a process from
neutrino-mass-induced decay is to exploit the different
nuclear matrix elements that enter. Provided the matrix
elements can be accurately calculated, analysis of mea-
sured lifetimes in several isotopes or to several states in
the same istotope can tell you whether long or short
range is responsible. Of course, as already mentioned,
the accuracy with which nuclear matrix elements can be
calculated is a big issue, and we discuss it later. A more
detailed treatment of the matrix elements governing the
various kinds of double beta decay can be found in Hax-
ton and Stephenson �1984�; Doi et al. �1985�; Tomoda
�1991�; Šinkovic and Faessler �2002�.

The implications of some popular extra-standard
models for ���0�� are discussed below. We close this
section with two general points. First, when the lepton
number is spontaneously broken, as it is in most models
that result in a see-saw mass matrix, there must exist one

or more zero-mass bosons, called Majorons, that could
be emitted along with the two electrons in double beta
decay ����0� ,��� �Chikashige et al., 1981; Gelmini and
Roncadelli, 1981; Georgi et al., 1981�. Apparently, how-
ever, it is difficult for such a process to have a very large
amplitude. Second, even if some exotic lepton-number-
violating physics exists and light neutrino exchange is
not responsible for the decay, the occurrence of ���0��
still implies that neutrinos are Majorana particles with
nonzero mass �Schechter and Valle, 1982�. The reason is
that any diagram contributing to the decay can be in-
serted into a neutrino propagator, with outgoing elec-
tron lines closed appropriately as in Fig. 3. If ���0��
decay is observed, we will know for certain that neutri-
nos are their own antiparticles, even if the possibility of
exotic physics or uncertainty in the nuclear matrix ele-
ments prevents an accurate extraction of the neutrino
mass scale from observation.

IV. DOUBLE BETA DECAY AND NEW PHYSICS

Over the past few decades much has been learned
about the neutrino mixing angles and mass eigenvalues.
Table I summarizes our knowledge of these neutrino pa-
rameters. These results have increased the importance
of ���0�� experiments; in the first subsection below, we
explain why. The other subsections discuss other physics
that might be revealed by ���0��.

A. Neutrino mass

If neutrinos are Majorana particles, they will mediate
���0�� at a rate proportional to the square of �m��	, Eq.
�22�. The known values of the mixing-matrix elements in
Eq. �18� allow us to predict the rate of ���0�� under
several scenarios for the neutrino’s mass spectrum. If we
ignore the LSND result �see Sec. IV.C� the oscillation
data are consistent with only three such masses, but
their spectrum can still take four possible forms:

�i� Normal hierarchy Dirac: The two masses with the
smaller splitting indicated by �msol

2 are smaller
than the third mass. The neutrinos are Dirac.

�ii� Inverted hierarchy Dirac: The two masses with
the smaller splitting indicated by �msol

2 are larger
than the third mass. The neutrinos are Dirac.

�iii� Normal hierarchy Majorana: The two masses with
the smaller splitting indicated by �msol

2 are smaller
than the third mass. The neutrinos are Majorana.

�iv� Inverted hierarchy Majorana: The two masses
with the smaller splitting indicated by �msol

2 are

(ν)R νLββ(0ν)

p p
_

nnW W

ee

FIG. 3. Majorana propagator resulting from ���0�� amplitude
�Schechter and Valle, 1982�.
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but high-scale physics can contribute directly alongside
light-neutrino exchange:

n p

n p
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ν

e

e

〈q2〉ν ≈ 104 MeV2

Amplitude of heavy-particle process:

Zheavy
0ν

Z light
0ν

≈

(
MWL

MWR

)4
(
〈q2〉ν

mββ mN

)
≈ 1 if mN ≈ mWR ≈ 1 TeV

and mββ ≈

√
∆m2

atm
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about the neutrino mixing angles and mass eigenvalues.
Table I summarizes our knowledge of these neutrino pa-
rameters. These results have increased the importance
of ���0�� experiments; in the first subsection below, we
explain why. The other subsections discuss other physics
that might be revealed by ���0��.

A. Neutrino mass

If neutrinos are Majorana particles, they will mediate
���0�� at a rate proportional to the square of �m��	, Eq.
�22�. The known values of the mixing-matrix elements in
Eq. �18� allow us to predict the rate of ���0�� under
several scenarios for the neutrino’s mass spectrum. If we
ignore the LSND result �see Sec. IV.C� the oscillation
data are consistent with only three such masses, but
their spectrum can still take four possible forms:

�i� Normal hierarchy Dirac: The two masses with the
smaller splitting indicated by �msol

2 are smaller
than the third mass. The neutrinos are Dirac.

�ii� Inverted hierarchy Dirac: The two masses with
the smaller splitting indicated by �msol

2 are larger
than the third mass. The neutrinos are Dirac.

�iii� Normal hierarchy Majorana: The two masses with
the smaller splitting indicated by �msol

2 are smaller
than the third mass. The neutrinos are Majorana.

�iv� Inverted hierarchy Majorana: The two masses
with the smaller splitting indicated by �msol

2 are
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FIG. 3. Majorana propagator resulting from ���0�� amplitude
�Schechter and Valle, 1982�.
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So heavy-particle exchange can occur with roughly the same
rate as inverted-hierarchy light-ν exchange would. . .

. . . even if the hierarchy is normal and light-ν exchange is un-
observable for the time being.

And if there are other new particles, they can contribute to
light-ν masses through other kinds of seesaws.
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Discovery/Issue

Even the usual light neutrino exchange:
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Improving Nuclear Structure: Ab Initio Methods
Use most accurate methods:
No-Core Shell Model, Quantum Monte Carlo

in light nuclei to verify other methods:
Coupled Clusters, RG-based techniques

that are not quite as accurate but better able to treat heavy nuclei.

Practitioners have come together to explain most
of the “gA quenching” in ordinary β decay!

NUCLEAR SHELL MODEL 43 

() parameters can be empirically extracted as the residuals between a set 
of experimental values and the values of the matrix elements calculated 
with the free-nucleon operators. Our results are discussed in Sections 3.2 
and 3.3 for the GT and M I  operators, respectively. Values for the () 
parameters in the effective operator can also be calculated from fun­
damental considerations. Our empirical results are compared with such 
calculations in Section 3.4. 

3.2 Gamow-Teller Results 

The relationships between experimental GT matrix elements from sd-shell 
beta decays and the predictions of the W interaction have been studied 
comprehensively in (57). This study incorporated a compilation of extant 
beta decay in A = 17-39 nuclei together with shell-model calculations 
for all the initial and final states concerned. The essential conclusions 
drawn in (57) can be inferred from the comparisons of experimental and 
theoretical matrix elements presented in Figure 6. The values of the 
matrix elements are normalized to reflect the 3(N - Z) sum rule, such 
that R(GT) = M(GT)/W, where W = 19A/9vl[(2Jj+ 1)3(Nj _Zj)]1/2 for 
Ni i= Zi and W = 19A/9vl[(2Jr+ 1)3(Nr - Zr)]1/2 for Ni = Zi' The matrix 
elements M(GT) are obtained from it = 6170j[B(F)+B(GT)], where 
B(GT) = M(GT)2j(2Ji + I). B(GT) is the GT transition probability (which 
depends on the transition direction). M(GT) is the GT reduced matrix 
element (which is independent of the transition direction). 

It is evident from inspection of the left side of Figure 6 that the exper­
imental values of GT matrix elements in the sd shell are systematically 
smaller than the predictions of the W-interaction wave functions coupled 
with the free-nucleon operator, by a factor of about 0.77 (indicated by the 
lower line on the left side of Figure 6). The same wave functions combined 
with the effective operator account for most of the data extremely well. 
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THEORY 
Figure 6 Theoretical vs experimental R(GT) matrix elements (see Sections 3 and 3.2). 
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of the “gA quenching” in ordinary β decay!
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() parameters can be empirically extracted as the residuals between a set 
of experimental values and the values of the matrix elements calculated 
with the free-nucleon operators. Our results are discussed in Sections 3.2 
and 3.3 for the GT and M I  operators, respectively. Values for the () 
parameters in the effective operator can also be calculated from fun­
damental considerations. Our empirical results are compared with such 
calculations in Section 3.4. 

3.2 Gamow-Teller Results 

The relationships between experimental GT matrix elements from sd-shell 
beta decays and the predictions of the W interaction have been studied 
comprehensively in (57). This study incorporated a compilation of extant 
beta decay in A = 17-39 nuclei together with shell-model calculations 
for all the initial and final states concerned. The essential conclusions 
drawn in (57) can be inferred from the comparisons of experimental and 
theoretical matrix elements presented in Figure 6. The values of the 
matrix elements are normalized to reflect the 3(N - Z) sum rule, such 
that R(GT) = M(GT)/W, where W = 19A/9vl[(2Jj+ 1)3(Nj _Zj)]1/2 for 
Ni i= Zi and W = 19A/9vl[(2Jr+ 1)3(Nr - Zr)]1/2 for Ni = Zi' The matrix 
elements M(GT) are obtained from it = 6170j[B(F)+B(GT)], where 
B(GT) = M(GT)2j(2Ji + I). B(GT) is the GT transition probability (which 
depends on the transition direction). M(GT) is the GT reduced matrix 
element (which is independent of the transition direction). 

It is evident from inspection of the left side of Figure 6 that the exper­
imental values of GT matrix elements in the sd shell are systematically 
smaller than the predictions of the W-interaction wave functions coupled 
with the free-nucleon operator, by a factor of about 0.77 (indicated by the 
lower line on the left side of Figure 6). The same wave functions combined 
with the effective operator account for most of the data extremely well. 

R(GT) 

FREE-NUCLEON EFFECTIVE 
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THEORY 
Figure 6 Theoretical vs experimental R(GT) matrix elements (see Sections 3 and 3.2). 
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Benchmarking0νββ Benchmarks in Light Nuclei: 8He and 22O

Samuel J. Novario September 10, 2019
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Deformed CC calculations of
8He→ 8Be and 22O→ 22Ne

agree well with NCSM.

The final deformed nuclei are well

described without triples

corrections.

The initial spherical nuclei is

sufficiently described in the

deformed basis.

0νββ Benchmarks in Light Nuclei: 14C and 10He

Samuel J. Novario September 10, 2019
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14C→ 14O and 10He→ 10Be still

agree well with NCSM.

Adding triples to the open-shell
10Be can account for the
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NCSM.

Takeaway: Coupled clusters works well, particularly when final nucleus
is the “core.” In-medium GCM (RG method) also works well.



Applying Validated Methods to Nuclei of Real Interest
In-Medium GCM for Decay of 48Ca
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We’re now applying this and coupled-clusters theory
to 76Ge, 130Te, and 136Xe. The matrix elements for
these nuclei are our primary deliverables.
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Finally: Error Quantification
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The region of heavy calcium isotopes forms the frontier of experimental and theoretical nuclear structure
research where the basic concepts of nuclear physics are put to stringent test. The recent discovery of the
extremely neutron-rich nuclei around 60Ca O. B. Tarasov et al. [Phys. Rev. Lett. 121, 022501 (2018)] and
the experimental determination of masses for 55–57Ca S. Michimasa et al. [Phys. Rev. Lett. 121, 022506
(2018)] provide unique information about the binding energy surface in this region. To assess the impact of
these experimental discoveries on the nuclear landscape’s extent, we use global mass models and statistical
machine learning to make predictions, with quantified levels of certainty, for bound nuclides between Si
and Ti. Using a Bayesian model averaging analysis based on Gaussian-process-based extrapolations we
introduce the posterior probability pex for each nucleus to be bound to neutron emission. We find that
extrapolations for drip-line locations, at which the nuclear binding ends, are consistent across the global
mass models used, in spite of significant variations between their raw predictions. In particular, considering
the current experimental information and current global mass models, we predict that 68Ca has an average
posterior probability pex ≈ 76% to be bound to two-neutron emission while the nucleus 61Ca is likely to
decay by emitting a neutron (pex ≈ 46%).

DOI: 10.1103/PhysRevLett.122.062502

Introduction.—How many protons and neutrons can
form a bound atomic nucleus? Out of about 3 200 isotopes
known [1] only 286 primordial nuclides have existed in
their current form since before the Earth was formed. They
form the valley of stability on the nuclear landscape.
Moving away from the region of stable isotopes by adding
neutrons or protons, one enters the regime of short-lived
radioactive nuclei, which are beta unstable. Nuclear exist-
ence ends at the “drip lines,” where the last nucleons are no
longer attached to the nucleus by the strong interaction and
drip off. According to current theoretical estimates [2,3] the
number of bound nuclides with atomic number Z between 2
and 120 is around 7 000.
The particle stability of a nuclide is determined by its

separation energy, i.e., the energy required to remove from it
a single nucleon or a pair of like nucleons. If the separation
energy is positive, the nucleus is bound to nucleon decay;
if the separation energy is negative, the nucleus is particle
unstable. In this Letter, we study the one-neutron (S1n) and
two-neutron (S2n) separation energies of neutron-rich
nuclei. The drip line is reached when the separation energy
reaches zero; hence, one can talk about the one-neutron drip
line when S1n ¼ 0 and the two-neutron drip line when
S2n ¼ 0. Very weakly bound, or unbound, nuclei that lie in
the immediate vicinity of drip lines are referred to as
threshold systems. The separation energies and drip-line
positions are strongly affected by nucleonic pairing, or

nuclear superfluidity [4]. Since it costs energy to break a
nucleonic pair, nuclei with even numbers of nucleons are
more bound than their odd-nucleon-number neighbors. As a
result, the one-nucleon drip line is reached earlier than the
two-nucleon drip line, which results in a highly irregular
pattern of nuclear existence that meanders between odd- and
even-particle systems.
The territory of neutron-rich nuclei is arguably the most

fertile ground for breakthroughs in nuclear structure
research and the Ca region is of particular interest. The
heaviest Ca isotope discovered to date is 60Ca [5]. This
nucleus, having Z ¼ 20 protons and N ¼ 40 neutrons, i.e.,
containing 12 more neutrons than the heaviest stable
calcium isotope, was found recently together with seven
other neutron-rich nuclei: 47P, 49S, 52Cl, 54Ar, 57K, 59Ca, and
62Sc. In addition, one event consistent with 59K was
registered [5]. This discovery extends the range of known
nuclei in this region, previously established in Refs. [6,7].
In separate experimental studies, the atomic masses of
55–57Ca were determined [8] and the uncertainties of the
52–55Ti mass values were significantly reduced [9].
The Ca region is arguably the most critical one to look at

from a theory perspective, because it provides an exciting
opportunity to bridge the refined methods based on realistic
interactions, in which all A nucleons are considered as
elementary degrees of freedom, with nuclear density func-
tional theory (DFT) employing energy density functionals
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we apply the Bayesian method to provide a full quantifi-
cation of the uncertainty surrounding the point estimate.
For more details we refer the reader to the SM.
Results.—The GP’s superior predictive power was

assessed in Ref. [24] for the S2n of even-even nuclei. The
present work achieves comparable performances for odd-Z
nuclei and for S1n values, with prediction improvements
ranging from 20% to 40% for most models (see the SM).
To further assess the performance of our approach, we apply
it to the recently measured masses of 55–57Ca [8]. As seen in
Fig. 1, the predictedS1n values for 55;57Ca are consistentwith
experiment for most models while the S2n of 56Ca is slightly
overestimated. The impact of newer mass measurements
beyond AME2003 on our predictions is minor; this is
because very few data points that can impact our local
GP model were added in the Ca region. The large deviation
in the S1n of 55Ca in HFB-24 is noteworthy. As illustrated in
the SM and Ref. [24], neutron separation energies predicted
by this model often exhibit irregular behavior.
Figure 2 shows extrapolated separation energies for the

Ca isotopic chain for three global mass models corrected
with the GP emulator. (Here and in the following we shall
use the notation “modelþ GP” (e.g., UNEDF0þ GP) to
emphasize that the statistical corrections are done with
the GP emulator.) The models are consistent overall once
the statistical correction and uncertainty are taken into
account. According to the computed empirical coverage
probabilities [54,55], our credibility intervals are slightly
conservative for large credibility levels (see Sec. I C of the
SM for more discussion).

For a given isotopic chain and nuclear model, one obtains
an upper bound on the location of the first isotope at which
the binding energy becomes negative, depending on the
choice of credibility level. For instance, the posterior mean
values (full lines) of the UNEDF0þ GPmodel place the 2n
drip line for Ca aroundN ¼ 54, while considering the lower
bound of the one-sigma credibility intervals provides that it
is placed beyond N ¼ 46 with probability 84%. This very
wide interval suggests that the posterior distribution of the
separation energies is perhaps not the most appropriate
quantity to consider. To this end, for each model, we
consider the probability pexðZ;NÞ of the predicted separa-
tion energy S�1n=2nðZ;NÞ to be positive under the posterior
probability distribution conditioned on the experimental
masses available. In the Bayesian paradigm, this probability
is pexðZ;NÞ ≔ pðS�1n=2nðZ;NÞ > 0jS1n=2nÞ. The insert in
Fig. 2 shows pex for the Ca chain. The model-averaged
existence probabilities for the Ca region are shown in
Fig. 3(a) assuming uniform prior weights. (For the values
of pex for individual models, see Sec. III. C of the SM.) As
noticed in Ref. [5], the N ¼ 35 isotones 52Cl and 53Ar, as
well as 49S represent a challenge for nuclear mass models.
Our results in Fig. 3(a) confirm this finding through the low
calculated prior-average pex values for these nuclei. Indeed,
with the exception of SV-min, UNEDF0, and FRDM-2012,
othermodels calculate them to be eithermarginally bound or
to lie outside the one-neutron drip line. Since 49S, 52Cl, and
53Ar do exist [5,6], this prior knowledge can inform the
model averaging process [56–58] throughposteriorweights:

wk ≔ pðMkj52Cl; 53Ar; 49S existÞ ð1Þ

(see additional discussion in the SM). Theweightwk reflects
the ability of themodelMk to predict the existence of nuclei
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FIG. 1. One-neutron separation energy for 55;57Ca (left) and
two-neutron separation energy for 56Ca (right) calculated with the
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Will apply similar techniques to our matrix-element calculations.



EDMs, Dark-Matter, Etc.

Nonzero EDMs for states of particles, nuclei, atoms with good
angular momentum imply CP violation, from beyond the Standard
Model if seen in current or upcoming experiments.

A discovery could help explain the observed matter-antimatter
asymmetry. A wide range of experiments are operating or planned.

Understanding dark matter also pretty important. . .

Working out the matrix elements that connect experiment to
underlying theory requires the same kinds of steps as in ββ decay:

lattice QCD to determine pion and nucleon
couplings from fundamental physics
EFT to to construct effective Lagrangian
nuclear-structure theory to embed Lagrangian in
nuclei
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Operation of Collaboration
Lattice QCD

Chiral EFT

Data

Similarity
Renormalization

Group

Coupled
Clusters

DFT-Inspired
Multi-reference  
In-Medium SRG

In-Medium SRG
for Shell Model

Ab-Initio Many-Body Methods 

Shell Model
DFT          
 (for EDMs) Statistical Model Averaging

No-Core 
Shell Model

Quantum
Monte Carlo

Light Nuclei
(benchmarking)

Heavy Nuclei

Harmonic
Oscillator Basis
Effective Theory

Parts of the chain above have really worked. The Similarity
Renormalization Group, for example has provided softened
operators that we use in in nuclear-structure work.
We meet twice a year, have frequent opportunities to discuss
developments and plan joint work.
Will publish comprehensive Physics Report on state of field and
advances by DBD during last year.



Impact



Thoughts on Collaboration
Targeted resources for work particular problems has increased
the amount and quality of that work substantially. Before the
TC I had a hard time convincing top nuclear-structure and
QCD people to prioritize ββ decay.

We’ve actually collaborated to advantage:
Frequent meetings have allowed us to address new problems
as they emerge.
Work by some has been used as input for others higher on the
particle-physics-to-nuclear-structure chain
Benchmarking methods against one another has been
essential

...

Slight downside: Distribution of resources can be difficult.
Participation by members can wax and wane.

Requires some oversight by organizer(s) to stay on optimal
path.



Finally. . .

For our field, the collaboration has been extremely useful. Has
profoundly strengthened the connection between fundamental
physics and nuclear theory.

Thanks very much for your
kind attention!
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