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Neutrinoless double-beta decay and its relevance

Ideally one would like to answer these questions on the nature of neutrinos and dark matter in
the laboratory. Experimental programs searching for neutrinoless �� decay —the lepton number vio-
lating process most likely to be observed— and the direct detection of dark matter are being pursued
vigorously, and impressive advances are permanently being reported, with present experimental sensi-
tivities reaching half-lives longer than T 0⌫��

1/2 = 1026 years [3] for neutrinoless �� decay, and excluding
scattering cross-sections o↵ nuclei smaller than ��N = 10�40 cm2 [4] for searches of dark matter.
Further improvements are expected in the near future, as next generation experiments are planned to
use over a tonne of source or target material with increasingly reduced backgrounds.

Neutrinoless �� decay and dark matter direct detection experiments have in common that they
are looking for the decay and the scattering o↵ atomic nuclei, respectively. Therefore, the design
—for example, the choice of source or target material— and the interpretation of the experimental
results in principle depends on the nuclear physics of the process at study. In the case of neutrinoless
�� decay, the value of the nuclear matrix element driving the transition relies on the accurate nuclear
structure description of the initial and final nuclei, and on the weak-interaction diagrams considered at
the nucleon level [5]. In the case of dark matter detection, a correct interpretation of the experimental
results taking into account all relevant nuclear structure factors depends on considering all possible
interactions of nuclei with dark matter particles. In particular, � decays and dark matter interactions
with a coupling to two nucleons, in addition to the leading contributions which only involve a single
nucleon, can be significant.

2 Neutrinoless �� decay

2.1 �� decay: two-neutrino and neutrinoless cases

The existence of �� decay is a consequence of the nuclear pairing interaction, which makes nuclei
with an even number of protons, or an even number of neutrons, more bound than nuclei with one
or two —a proton and a neutron— unpaired nucleons. As a result, in some cases it is energetically
favorable for a nucleus to decay along a given isobaric chain —set of nuclei with the same number of
nucleons— via a second-order �� decay, instead of the usual single-� decay channel. For the case of
76Ge the decay scheme is shown in figure 1. �� decay with the emission of two antineutrinos besides
two electrons, a lepton-conserving process permitted by the weak interaction, has been observed in

-76

-74

-72

-70

-68

-66

 30  31  32  33  34  35  36  37

B
in

d
in

g
 e

n
e

rg
y 

(M
e

V
)

Atomic number, Z

76Se

76Ge

76As

76Br

76Kr

76Ga

β-

β+

β+

β-β-

Figure 1. Nuclear binding energies
and decay scheme of the nucleon
number A = 76 isobars, as a function
of the atomic number Z. In a typical
situation, isotopes decay to the
lowest-energy nucleus via single �� or
�+ decays. For the special case of
76Ge, however, single-� decay is
energetically forbidden, leaving ��
decay as the only channel available to
reach the stable nucleus 76Se.
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2Current experiments have not observed it

M. Agostini et al., Science 365, 1445

If observed:
• It will establish the Majorana nature of neutrinos
• The absolute neutrino mass can be extracted from the half-life

• It may explain the matter-antimatter asymmetry in the Universe

digitized at a sampling rate of 100 MHz and
stored for off-line analysis. Weekly calibrations
with 228Th sources are performed to monitor
the energy scale and resolution, as well as to
define and monitor the analysis cuts. The de-
rived energy resolution, full width at half max-
imum (FWHM), at Qbb is 3.6 ± 0.1 keV for the
coaxial detectors and 3.0 ± 0.1 keV for the BEGe
detectors, both corresponding to s/Qbb < 10−3

(s = FWHM/2.35).
During physics data taking, all Ge and LAr

scintillation channels are read out if one or more
Ge diodes detect a signal above a preset trigger
threshold. Multiple detector hits are discarded
as background events. Similarly, events are
classified as background (Fig. 1) if at least one

photoelectron is detected in the LAr within
~6 ms around the Ge detector signal—that is,
~5 times the lifetime of the argon excimer ob-
served in GERDA. Random coincidences lead
to a loss of potential 0nbb signals of 2.3 ± 0.1%.
All events with a muon trigger preceding a Ge
trigger by less than 10 ms are rejected with a
signal loss of <0.1%. Background events from g
radiation often lead to multiple interactions
separated in space but within the same detector.
The time structure of the recorded signal allows
us to reject this background as well as events
occurring at the surface of a detector from a or b
decays (Fig. 1, pulse shape discrimination, PSD).
More than 95% of the background is rejected
by the LAr veto and PSD (Fig. 2), whereas 69%

of the 0nbb decay events would be kept for the
coaxial detectors and 86% for the BEGe detec-
tors. Relative to (16), the Phase II exposure has
been more than doubled while improving both
energy resolution (by 10%) and background rate
(by ~80%) in the coaxial detectors and main-
taining the excellent energy resolution of the
BEGe detectors throughout the run; the result
is a doubling of the sensitivity to more than
1026 years.
Since the outset, GERDA has adopted a rig-

orous blind analysis strategy to ensure an un-
biased search for 0nbb decays. Events with a
reconstructed energy ofQbb ± 25 keV are blinded
(i.e., removed from the data stream) until the
data selection is fixed. Figure 2 displays the
energy spectra corresponding to 53.9 kg⋅year
Phase II exposure before and after analysis cuts,
including a PSD method for coaxial detectors
that was not used in prior work (15). At low
energies, the spectrum after analysis cuts is
dominated by 2nbb decays. The insets in Fig. 2
display separately the event distribution of the
coaxial detector and BEGe detector datasets
in the analysis window 1930 to 2190 keV. Af-
ter unblinding, only three events in the coaxial
dataset and four events in the BEGe dataset
remain in the analysis window (17). GERDA thus
reaches an unprecedented low background rate
of 5:7þ4:1

"2:6 # 10"4 counts/(keV⋅kg⋅year) for the
coaxial detectors and 5:6þ3:4

"2:4 # 10"4 counts/
(keV⋅kg⋅year) for the BEGe detectors.
Anunbinnedmaximum likelihood fit is carried

out simultaneously in the different datasets (see
table S3), including those from GERDA Phase I
(18). In total, 82.4 kg⋅year have been scrutinized
for a 0nbb signal so far. The fit function (13)
comprises flat distributions for the background,
independent for each dataset, and Gaussian dis-
tributions for a possible 0nbb signal: Themean is
Qbb, the resolutions are taken from calibration
data individually for each set, and the normal-
izations are calculated from the target half-life
T1/2. A null signal maximizes the likelihood.
Confidence intervals are evaluated in both the
frequentist and Bayesian frameworks (15). The
frequentist analysis is based on the profile like-
lihood method, and systematic uncertainties are
included as nuisance parameters with Gaussian
pull terms. The derived limit of T1/2 > 0.9 ×
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Fig. 1. The concept of active
background suppression. GERDA
searches for the 0nbb decay 76Ge→ 76Se +
2e–, Qbb = 2039 keV, with high-purity
Ge detectors enriched in 76Ge that are
operated in liquid argon (LAr). (i) Artist’s
view of the 0nbb decay of a nucleus by
an emission of two electrons (b particles).
(ii to iv) Three BEGe detectors, out of the
40 Ge detectors of the GERDA detector
array (table S1 and fig. S2), immersed in
LAr (bluish cylinder). Events from 0nbb
decays would deposit energy Qbb within
a few cubicmillimeters in a single detector
(ii). Events with coincident LAr scintillation
light or with multiple interactions in the
Gedetector [e.g., fromCompton scattering
(iii)] are classified as background events.
The special detector design with a small
readout electrode (fig. S1) enhances
drift time differences between different
trajectories (black dashed lines) of
the charges (holes) generated by the
energy depositions. The color code
(see fig. S1 for color bar) indicates the
electrical signal strength at the
respective location. Hence, single- and
multi-site events can be identified
efficiently by the time profile of their
electronic signal. Similarly, a decays at
the readout electrode show unique
signal characteristics (iv).

Table 1. Comparison of present and prior experiments. Lower half-life limits L(T1/2) and sensitivities S(T1/2), both at 90% C.L., reported by recent 0nbb
decay searches with indicated deployed isotope masses Mi and FWHM energy resolutions. Sensitivities S(T1/2) have been converted into upper limits of
effective Majorana masses mbb using the nuclear matrix elements quoted in (20).

Experiment Isotope Mi (kmol) FWHM (keV) L(T1/2) (10
25 years) S(T1/2) (10

25 years) mbb (meV)

GERDA (this work) 76Ge 0.41 3.3 9 11 104 to 228
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MAJORANA (27) 76Ge 0.34 2.5 2.7 4.8 157 to 346
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

CUPID-0 (28) 82Se 0.063 23 0.24 0.23 394 to 810
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

CUORE (29) 130Te 1.59 7.4 1.5 0.7 162 to 757
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

EXO-200 (30) 136Xe 1.04 71 1.8 3.7 93 to 287
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

KamLAND-Zen (21) 136Xe 2.52 270 10.7 5.6 76 to 234
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Combined 66 to 155
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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digitized at a sampling rate of 100 MHz and
stored for off-line analysis. Weekly calibrations
with 228Th sources are performed to monitor
the energy scale and resolution, as well as to
define and monitor the analysis cuts. The de-
rived energy resolution, full width at half max-
imum (FWHM), at Qbb is 3.6 ± 0.1 keV for the
coaxial detectors and 3.0 ± 0.1 keV for the BEGe
detectors, both corresponding to s/Qbb < 10−3

(s = FWHM/2.35).
During physics data taking, all Ge and LAr

scintillation channels are read out if one or more
Ge diodes detect a signal above a preset trigger
threshold. Multiple detector hits are discarded
as background events. Similarly, events are
classified as background (Fig. 1) if at least one

photoelectron is detected in the LAr within
~6 ms around the Ge detector signal—that is,
~5 times the lifetime of the argon excimer ob-
served in GERDA. Random coincidences lead
to a loss of potential 0nbb signals of 2.3 ± 0.1%.
All events with a muon trigger preceding a Ge
trigger by less than 10 ms are rejected with a
signal loss of <0.1%. Background events from g
radiation often lead to multiple interactions
separated in space but within the same detector.
The time structure of the recorded signal allows
us to reject this background as well as events
occurring at the surface of a detector from a or b
decays (Fig. 1, pulse shape discrimination, PSD).
More than 95% of the background is rejected
by the LAr veto and PSD (Fig. 2), whereas 69%

of the 0nbb decay events would be kept for the
coaxial detectors and 86% for the BEGe detec-
tors. Relative to (16), the Phase II exposure has
been more than doubled while improving both
energy resolution (by 10%) and background rate
(by ~80%) in the coaxial detectors and main-
taining the excellent energy resolution of the
BEGe detectors throughout the run; the result
is a doubling of the sensitivity to more than
1026 years.
Since the outset, GERDA has adopted a rig-

orous blind analysis strategy to ensure an un-
biased search for 0nbb decays. Events with a
reconstructed energy ofQbb ± 25 keV are blinded
(i.e., removed from the data stream) until the
data selection is fixed. Figure 2 displays the
energy spectra corresponding to 53.9 kg⋅year
Phase II exposure before and after analysis cuts,
including a PSD method for coaxial detectors
that was not used in prior work (15). At low
energies, the spectrum after analysis cuts is
dominated by 2nbb decays. The insets in Fig. 2
display separately the event distribution of the
coaxial detector and BEGe detector datasets
in the analysis window 1930 to 2190 keV. Af-
ter unblinding, only three events in the coaxial
dataset and four events in the BEGe dataset
remain in the analysis window (17). GERDA thus
reaches an unprecedented low background rate
of 5:7þ4:1

"2:6 # 10"4 counts/(keV⋅kg⋅year) for the
coaxial detectors and 5:6þ3:4

"2:4 # 10"4 counts/
(keV⋅kg⋅year) for the BEGe detectors.
Anunbinnedmaximum likelihood fit is carried

out simultaneously in the different datasets (see
table S3), including those from GERDA Phase I
(18). In total, 82.4 kg⋅year have been scrutinized
for a 0nbb signal so far. The fit function (13)
comprises flat distributions for the background,
independent for each dataset, and Gaussian dis-
tributions for a possible 0nbb signal: Themean is
Qbb, the resolutions are taken from calibration
data individually for each set, and the normal-
izations are calculated from the target half-life
T1/2. A null signal maximizes the likelihood.
Confidence intervals are evaluated in both the
frequentist and Bayesian frameworks (15). The
frequentist analysis is based on the profile like-
lihood method, and systematic uncertainties are
included as nuisance parameters with Gaussian
pull terms. The derived limit of T1/2 > 0.9 ×
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Fig. 1. The concept of active
background suppression. GERDA
searches for the 0nbb decay 76Ge→ 76Se +
2e–, Qbb = 2039 keV, with high-purity
Ge detectors enriched in 76Ge that are
operated in liquid argon (LAr). (i) Artist’s
view of the 0nbb decay of a nucleus by
an emission of two electrons (b particles).
(ii to iv) Three BEGe detectors, out of the
40 Ge detectors of the GERDA detector
array (table S1 and fig. S2), immersed in
LAr (bluish cylinder). Events from 0nbb
decays would deposit energy Qbb within
a few cubicmillimeters in a single detector
(ii). Events with coincident LAr scintillation
light or with multiple interactions in the
Gedetector [e.g., fromCompton scattering
(iii)] are classified as background events.
The special detector design with a small
readout electrode (fig. S1) enhances
drift time differences between different
trajectories (black dashed lines) of
the charges (holes) generated by the
energy depositions. The color code
(see fig. S1 for color bar) indicates the
electrical signal strength at the
respective location. Hence, single- and
multi-site events can be identified
efficiently by the time profile of their
electronic signal. Similarly, a decays at
the readout electrode show unique
signal characteristics (iv).

Table 1. Comparison of present and prior experiments. Lower half-life limits L(T1/2) and sensitivities S(T1/2), both at 90% C.L., reported by recent 0nbb
decay searches with indicated deployed isotope masses Mi and FWHM energy resolutions. Sensitivities S(T1/2) have been converted into upper limits of
effective Majorana masses mbb using the nuclear matrix elements quoted in (20).

Experiment Isotope Mi (kmol) FWHM (keV) L(T1/2) (10
25 years) S(T1/2) (10

25 years) mbb (meV)

GERDA (this work) 76Ge 0.41 3.3 9 11 104 to 228
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MAJORANA (27) 76Ge 0.34 2.5 2.7 4.8 157 to 346
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

CUPID-0 (28) 82Se 0.063 23 0.24 0.23 394 to 810
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

CUORE (29) 130Te 1.59 7.4 1.5 0.7 162 to 757
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

EXO-200 (30) 136Xe 1.04 71 1.8 3.7 93 to 287
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

KamLAND-Zen (21) 136Xe 2.52 270 10.7 5.6 76 to 234
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Combined 66 to 155
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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Decay in which two neutrons 
are transformed into protons 
emitting two electrons in the 
process

Unstable nuclei for which 
single beta decay is not 
allowed are candidates

How do we plan future 
experiments and extract 
information from them?
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The number of observed events is related to the exposure and the half-life

Calculations of the matrix element by diverse nuclear models disagree by 
factors from two to three:

• Order of magnitude difference in amount of material or time to observe 
the decay

• Unprecise extraction of the neutrino mass

Calculation of the matrix element with ab-initio methods is 
computationally expensive

GOAL: Study by means of a simple model how the uncertainty 
from chiral EFT propagates to the nuclear matrix element. Are 
calculations of the matrix element with ab-initio methods worth 
our time? 

Review
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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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Nucleon droplet

We employed nucleon droplets to mimic the kinematics of 
the valence nucleons

• The properties of the nucleon droplet can be calculated 
fast and precisely

• We expect the distribution around a mean to behave 
similar to that of more involved calculations

• Nuclear observables tend to have a strong systematic 
behavior
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Antisymmetrized HO basis 
written in Jacobi coordinates

• Nmax= 24

Number of quanta constrained 
from below due Pauli blocking

• For 76Ge: Nmin = 16

• For 76Se: Nmin = 14

Study case: 76Ge i 2 {
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FIG. 1. Hierarchy of nuclear forces in ChPT. Solid lines represent nucleons and dashed lines represent pions. Small dots, large solid dots,
solid squares, triangles, diamonds, and stars denote vertexes of index !i = 0, 1, 2, 3, 4, and 6, respectively. Further explanations are given in
the text.

Consider a m-nucleon irreducibly connected diagram (m-
nucleon force) in an A-nucleon system (m ! A). The number
of separately connected pieces is C = A − m + 1. Inserting
this into Eq. (2.5) together with L = 0 and

∑
i !i = 0 yields

ν = 2m − 4. Thus, two-nucleon forces (m = 2) appear at
ν = 0, three-nucleon forces (m = 3) appear at ν = 2 (but they
happen to cancel at that order), and four-nucleon forces appear
at ν = 4 (they do not cancel).

For an irreducible NN diagram (A = 2, C = 1), the power
formula collapses to the very simple expression

ν = 2L +
∑

i

!i . (2.7)

In summary, the chief point of the ChPT expansion of the
potential is that, at a given order ν, there exists only a finite
number of graphs. This is what makes the theory calculable.
The expression (Q/#χ )ν+1 provides an estimate of the relative
size of the contributions left out and thus of the relative

uncertainty at order ν. The ability to calculate observables
(in principle) to any degree of accuracy gives the theory its
predictive power.

Chiral perturbation theory and power counting imply that
nuclear forces evolve as a hierarchy controlled by the power
ν; see Fig. 1 for an overview. In what follows, we will focus
on the two-nucleon force (2NF).

C. The long-range NN potential

The long-range part of the NN potential is built up from pion
exchanges, which are ruled by chiral symmetry. The various
pion-exchange contributions may be analyzed according to the
number of pions being exchanged between the two nucleons:

V = V1π + V2π + V3π + · · · , (2.8)

where the meaning of the subscripts is obvious and the ellipsis
represents 4π and higher pion exchanges. For each of the

024004-3

The nucleons interact via forces from chiral EFT
• Constructed order-by-order
• Quantities of interest are expected to behave as series

• At order 𝜈

• The expression for the residual can be employed to derive a 
theoretical covariance

J. A. Melendez et al., Phys. Rev. C 96, 024003

We considered chiral forces up to N3LO

We considered diverse regulator cutoffs

Figure from D. R. Entem et al., Phys. Rev. C 96, 024004
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Parameters of the chiral EFT interaction

2N forces fitted to nucleon-nucleon scattering data

3H 4He

E [MeV] 8.482 28.296

rch [fm] 1.759 (36) 1.675 (3)

2

Two-body state: |N1(L1S1)J1i ⇥ |T1i
Three-body product state: |

�
N1(L1S1)J1; n2(l2

1
2 )j2

�
N12J12i ⇥ |(T1; t2)T12i

Four-body product state: |
��
N1(L1S1)J1; n2(l2

1
2 )j2

�
N12J12; n3(l3

1
2 )j3

�
N123J123i ⇥ |

�
(T1;

1
2 )T12;

1
2

�
T123i

(4)

The oscillator quanta in the four-body basis was also
constrained from below to simulate Pauli blocking e↵ects
due to the presence of the core. Let us briefly discuss the
basis employed to describe 76Ge as an example. The neu-
trons in 72Ge fill orbitals up to the 2p1/2 level; thus the
least energetic valence-nucleon state in single-particle co-
ordinates would be the product of four 1g9/2 states. The
contribution to this states with the least oscillator quanta
is proportional to the product of four harmonic oscillator
states with quantum numbers n = 0 and l = 4. Since
we can relate the basis in single-particle coordinates to
the one in Jacobi coordinates by a Talmi transformation,
contributions to the valence-nucleon state in the latter
must also have at least Nmin = 16, as Talmi transfor-
mations preserve oscillator quanta. A similar argument
yields Nmin = 14 for the basis employed to describe 76Se,
as the protons in the core fill orbitals up to the 2p3/2
level, leaving the 1f5/2 orbital available to the valence
protons.

–Maybe a figure of germanium 72 structure.– –Maybe
discuss advantages of this basis. How to embed the
operators.–

We employed chiral NN and 3N potentials at next-to-
next-to-leading order (NNLO) to describe the interaction
between valence nucleons. We considered the NN poten-
tial presented in [6], where the interaction is decomposed
into long- and short-range contributions. The LECs in
the former enter the description of pion exchanges be-
tween nucleons and can thus be fitted to ⇡N scatter-
ing data, as done in [7] by matching the Roy-Steiner
equations to �EFT amplitudes for ⇡N scattering pro-
cesses. Subleading contributions are obtained by inte-
grating the corresponding spectral functions from nm⇡

to ⇤̃ = ask Kyle, where n is the number of pion ex-
changes. The LECs extracted in that work are listed in
Table I, and we employed their mean values in our few-
body calculations.

The short-range contribution to the NN interaction
consists of diverse contact terms arranged into contribu-
tions to the di↵erent partial-wave channels, allowing for
a channel-by-channel fit of the corresponding LECs. In
this study we neglected isospin-breaking e↵ects and em-
ployed Nijmegen np scattering data [8] below 150 MeV
and deuteron’s binding energy to minimize the objective
function

exp

✓
�1

2
rT⌃�1r� 1

2�2
C

CTC

◆
,

where

r = ytheo(C)� yexp ,

(5)

TABLE I. On the left side we list the LECs employed in this
work. On the right side we compare data on some few-nucleon
observables with those calculated from the listed LECs.

LEC Observable
c1 �0.74(2) Binding energy [MeV]
c3 �3.61(5)
c4 2.44(3) Expt. Theory
C̃nn

1S0
�0.15 2H 2.213 2.198

C̃np
1S0

�0.15 3H 8.482 8.486

C̃pp
1S0

�0.15 3He 7.718 7.753

C1S0
2.68 4He 28.296 28.290

C1P1
0.16

C̃np
3S1

�0.16 Charge radius [fm]
C3S1

0.90
C3S1�3D1

0.48 Expt. Theory
C3P1

�0.79 2H 2.141 2.003
C3P0

1.12 3H 1.759(36) 1.747
C3P2

�0.81 3He 1.966(3) 1.949
cD �2.55 4He 1.675(3) 1.647
cE �0.58

as proposed in [9]. This objective function takes into ac-
count experimental uncertainties and �EFT truncation
errors through the covariance matrix ⌃, and penalizes
unnaturally large values for the LECs, combined into the
vector C above, via the parameter �C = ask Kyle. The
optimization yielded several minima from which the set
of LECs that best reproduces triton’s binding energy and
charge radius was keep and employed to benchmark our
few-body calculations, and as an initial point in the sam-
pling procedure. The LECs in this set are also listed in
Table I together with our few-body results. In Fig. we
compare the fitted phase shifts with data. –Insert figure.–

The 3N interaction was taken from [10]. It consists of
one- and two-pion exchange terms and a contact term.
The LECs in the two-pion exchange terms appear in the
long-range contribution to the NN interaction; conse-
quently, only two additional LECs enter the 3N interac-
tion at this chiral order. We fit them to the binding en-
ergies and charge radii of triton and 4He. The extracted
LECs are also listed in Table I.

The e↵ects of the core on the valence nucleons are mod-
eled with an isospin-dependent Woods-Saxon-like mean

VLS = �V0 (47)

V0 = V


1� 

(N � Z)

A
⌧z

�
(48)

H =Hcore +Hvalence

=Hcore + Tval + VWS + VNN + VNNN
(49)

hN.S.|Hcore|N.S.i = �628.685MeV (50)

|N1J1T1i = |N1(L1S1)J1i ⇥ |T1i (51)
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4

The objective function considered:
• Experimental uncertainties
• Truncation of the chiral expansion
• Size of the parameters

S. Wesolowski et al., J. Phys. G: Nucl. Part. Phys. 46, 045102

3N forces fitted the energies and radii of 3H and 4He

7



The one-body potential contains central and spin-orbit parts

For this study we employ a Woods-Saxon potential

One-body potential

U = vC + vLSL · S (63)

vC = �
V0

1 + e�(r�R)/a
(64)

vLS = v(0)LS
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◆2 1

r


d

dr

1

1 + e�(r�R)/a

�
(65)

5

U = vC + vLSL · S (63)
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V0

1 + e�(r�R)/a
(64)

vLS = v(0)LS
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dr
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1 + e�(r�R)/a
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(65)
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U = vC + vLSL · S (63)

vC = �
V0

1 + e�(r�R)/a
(64)

vLS = v(0)LS

✓
R

h̄

◆2 1

r


d

dr

1

1 + e�(r�R)/a

�
(65)

5

The parameters of the form factor R and a remain fixed

We chose the parametrization

V0 an isospin-dependent parameter

These parameters are fit to the binding energies of the 
nuclei of interest

U = vC + vLSL · S (63)

vC = �
V0

1 + e�(r�R)/a
(64)

vLS = v(0)LS

✓
R

h̄

◆2 1

r


d

dr

1

1 + e�(r�R)/a

�
(65)

v(0)LS = �V0 (66)

5
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Sampling the parameters in the chiral EFT interaction

We sampled many LEC sets from the posterior distribution

Experimental covariance

Theoretical covariance

S. Wesolowski et al., J. Phys. G: Nucl. Part. Phys. 46, 045102

J. A. Melendez et al., Phys. Rev. C 96, 024003

VLS = �V0 (47)

V0 = V


1� 

(N � Z)

A
⌧z

�
(48)

H =Hcore +Hvalence

=Hcore + Tval + VWS + VNN + VNNN
(49)

hN.S.|Hcore|N.S.i = �628.685MeV (50)

|N1J1T1i = |N1(L1S1)J1i ⇥ |T1i (51)

|N12J12T12i = |
�
N1(L1S1)J1; n2(l2

1
2 )j2

�
N12J12i ⇥ |(T1; t2)T12i (52)

E76Ge = �661.59(⇠ 70) (53)

E76Se = �662.07(⇠ 100) (54)

⌃ = ⌃exp + ⌃th (55)

(⌃exp)ij = �2
i �ij (56)

(⌃th)ij = (yref)i(yref)j c̄
2
Qk+1

i Qk+1
j

1�QiQj
(57)

4

2

Two-body state: |N1(L1S1)J1i ⇥ |T1i
Three-body product state: |

�
N1(L1S1)J1; n2(l2

1
2 )j2

�
N12J12i ⇥ |(T1; t2)T12i

Four-body product state: |
��
N1(L1S1)J1; n2(l2

1
2 )j2

�
N12J12; n3(l3

1
2 )j3

�
N123J123i ⇥ |

�
(T1;

1
2 )T12;

1
2

�
T123i

(4)

The oscillator quanta in the four-body basis was also
constrained from below to simulate Pauli blocking e↵ects
due to the presence of the core. Let us briefly discuss the
basis employed to describe 76Ge as an example. The neu-
trons in 72Ge fill orbitals up to the 2p1/2 level; thus the
least energetic valence-nucleon state in single-particle co-
ordinates would be the product of four 1g9/2 states. The
contribution to this states with the least oscillator quanta
is proportional to the product of four harmonic oscillator
states with quantum numbers n = 0 and l = 4. Since
we can relate the basis in single-particle coordinates to
the one in Jacobi coordinates by a Talmi transformation,
contributions to the valence-nucleon state in the latter
must also have at least Nmin = 16, as Talmi transfor-
mations preserve oscillator quanta. A similar argument
yields Nmin = 14 for the basis employed to describe 76Se,
as the protons in the core fill orbitals up to the 2p3/2
level, leaving the 1f5/2 orbital available to the valence
protons.

–Maybe a figure of germanium 72 structure.– –Maybe
discuss advantages of this basis. How to embed the
operators.–

We employed chiral NN and 3N potentials at next-to-
next-to-leading order (NNLO) to describe the interaction
between valence nucleons. We considered the NN poten-
tial presented in [6], where the interaction is decomposed
into long- and short-range contributions. The LECs in
the former enter the description of pion exchanges be-
tween nucleons and can thus be fitted to ⇡N scatter-
ing data, as done in [7] by matching the Roy-Steiner
equations to �EFT amplitudes for ⇡N scattering pro-
cesses. Subleading contributions are obtained by inte-
grating the corresponding spectral functions from nm⇡

to ⇤̃ = ask Kyle, where n is the number of pion ex-
changes. The LECs extracted in that work are listed in
Table I, and we employed their mean values in our few-
body calculations.

The short-range contribution to the NN interaction
consists of diverse contact terms arranged into contribu-
tions to the di↵erent partial-wave channels, allowing for
a channel-by-channel fit of the corresponding LECs. In
this study we neglected isospin-breaking e↵ects and em-
ployed Nijmegen np scattering data [8] below 150 MeV
and deuteron’s binding energy to minimize the objective
function

exp

✓
�1

2
rT⌃�1r� 1

2�2
C

CTC

◆
,

where

r = ytheo(C)� yexp ,

(5)

TABLE I. On the left side we list the LECs employed in this
work. On the right side we compare data on some few-nucleon
observables with those calculated from the listed LECs.

LEC Observable
c1 �0.74(2) Binding energy [MeV]
c3 �3.61(5)
c4 2.44(3) Expt. Theory
C̃nn

1S0
�0.15 2H 2.213 2.198

C̃np
1S0

�0.15 3H 8.482 8.486

C̃pp
1S0

�0.15 3He 7.718 7.753

C1S0
2.68 4He 28.296 28.290

C1P1
0.16

C̃np
3S1

�0.16 Charge radius [fm]
C3S1

0.90
C3S1�3D1

0.48 Expt. Theory
C3P1

�0.79 2H 2.141 2.003
C3P0

1.12 3H 1.759(36) 1.747
C3P2

�0.81 3He 1.966(3) 1.949
cD �2.55 4He 1.675(3) 1.647
cE �0.58

as proposed in [9]. This objective function takes into ac-
count experimental uncertainties and �EFT truncation
errors through the covariance matrix ⌃, and penalizes
unnaturally large values for the LECs, combined into the
vector C above, via the parameter �C = ask Kyle. The
optimization yielded several minima from which the set
of LECs that best reproduces triton’s binding energy and
charge radius was keep and employed to benchmark our
few-body calculations, and as an initial point in the sam-
pling procedure. The LECs in this set are also listed in
Table I together with our few-body results. In Fig. we
compare the fitted phase shifts with data. –Insert figure.–

The 3N interaction was taken from [10]. It consists of
one- and two-pion exchange terms and a contact term.
The LECs in the two-pion exchange terms appear in the
long-range contribution to the NN interaction; conse-
quently, only two additional LECs enter the 3N interac-
tion at this chiral order. We fit them to the binding en-
ergies and charge radii of triton and 4He. The extracted
LECs are also listed in Table I.

The e↵ects of the core on the valence nucleons are mod-
eled with an isospin-dependent Woods-Saxon-like mean

VLS = �V0 (47)
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
1� 

(N � Z)

A
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�
(48)

H =Hcore +Hvalence
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(49)

hN.S.|Hcore|N.S.i = �628.685MeV (50)

|N1J1T1i = |N1(L1S1)J1i ⇥ |T1i (51)

|N12J12T12i = |
�
N1(L1S1)J1; n2(l2

1
2 )j2

�
N12J12i ⇥ |(T1; t2)T12i (52)

E76Ge = �661.59(⇠ 70) (53)

E76Se = �662.07(⇠ 100) (54)

⌃ = ⌃exp + ⌃th (55)

(⌃exp)ij = �2
i �ij (56)

(⌃th)ij = (yref)i(yref)j c̄
2
Qk+1

i Qk+1
j

1�QiQj
(57)
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(N � Z)

A
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�
(48)

H =Hcore +Hvalence

=Hcore + Tval + U + V�EFT
(49)

H = Tval + U + V�EFT (50)

hN.S.|Hcore|N.S.i = �628.68 (51)

|N1J1T1i = |N1(L1S1)J1i ⇥ |T1i (52)

|N12J12T12i = |
�
N1(L1S1)J1; n2(l2

1
2 )j2

�
N12J12i ⇥ |(T1; t2)T12i (53)

E76Ge = �661.59(70) (54)

E76Se = �662.07(100) (55)

⌃ = ⌃exp + ⌃th (56)

(⌃exp)ij = �2
i �ij (57)

(⌃th)ij = (yref)i(yref)j c̄
2
Qk+1

i Qk+1
j

1�QiQj
K(Qi, Qj) (58)

A = h0+f |V (q2)|0+i i (59)

V (q2) /
1

q2


�

1

g2A
hF (q

2) + �(1)
· �(2)hGT (q

2) + S(12)hT (q
2)

�
+
2m2

⇡g
NN
⌫

g2A
hF (q

2)

(60)

|parenti = |corei ⇥ |
Nni (61)

|daughteri = |corei ⇥ |
N�2n2pi (62)
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Remaining LECs are of natural size and well constrained

Discriminating parameter sets

We discriminate LEC sets:
• LECs of unnatural size
• LECs that yield unnatural energies

80 % of the sampled sets remain
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For models including chiral forces up to N2LO

Intervals with 95% DOB in the distributions for the energies:

• For 76Ge ~ 1 MeV 
• For 76Se ~ 2 MeV                                

Few-body results

Observable Experiment 𝚲χ=450 𝚲χ=500 𝚲χ=550

3H

E [MeV] 8.482 8.486 8.486(+128, -152) 8.486

rch [fm] 1.759(36) 1.747 1.747(+19, -18) 1.749

rm [fm] 1.669 1.669(+21, -20) 1.672

4He

E [MeV] 28.296 28.290 28.290 28.290

rch [fm] 1.675(3) 1.648 1.650 1.657

rm [fm] 1.424 1.427 1.434
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The 0𝜈𝛽𝛽 decay operator has been written in chiral EFT

G. Prezeau et al., Phys. Rev. D 68, 034016

V. Cirigliano et al., J. High Energy Phys. 2018, 19

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 

At LO a contact term yields a short-distance contribution

Neutrinoless double-beta decay in chiral EFT
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Figure 2. The different contributions of dim-9 LNV operators to the 0νββ potential, first discussed
in refs. [21, 54–56]. Double, dashed, and single lines denote, respectively, nucleon, pion, and lepton
fields. The black square denotes ∆L = 2 ππ, πN , and NN operators, discussed in sections 3.1
and 3.2. The remaining vertices are SM interactions between nucleons and pions.

3.1 Scalar dim-9 operators

The scalar operators O1–O5 generate the ππee, πNNee, and NN NN ee LNV couplings

shown in figure 2. The operators O2,3,4,5 induce non-derivative pionic operators, while the

first pionic operators induced by O1 contain two derivatives and are therefore relatively

suppressed. The mesonic chiral Lagrangian2 for O1,2,3,4,5 is

Lscalar
π =

F 4
0

4

[
5

3
gππ1 C(9)

1L Lµ
21L21µ +

(
gππ2 C(9)

2L + gππ3 C(9)
3L

)
Tr
(
Uτ+Uτ+

)

+
(
gππ4 C(9)

4L + gππ5 C(9)
5L

)
Tr
(
Uτ+U †τ+

)] ēLCēTL
v5

+ (L↔ R)

=
F 2
0

2

[
5

3
gππ1 C(9)

1L ∂µπ
−∂µπ− +

(
gππ4 C(9)

4L + gππ5 C(9)
5L − gππ2 C(9)

2L − gππ3 C(9)
3L

)
π−π−

]

× ēLCēTL
v5

+ (L↔ R) + . . . , (3.1)

where U = u2 = exp (iπ · τ/F0) is the matrix of pseudo-Goldstone boson fields, F0 is the

pion decay constant in the chiral limit, and Lµ = iUDµU †. We use Fπ = 92.2MeV for

the physical pion decay constant. By NDA the LECs of the non-derivative pion operators

are expected to be gππ2,3,4,5 = O(Λ2
χ), while gππ1 = O(1). These expectations are very well

respected by the extractions of ref. [42–44] based on chiral symmetry and lattice QCD

results. In table 1 we give the value of the LECs at µ = 2GeV in the MS scheme,

obtained in ref. [44]. The physical amplitudes are scale and scheme independent provided

one uses Wilson coefficients C(9)
i evaluated at the same scale and in the same scheme as

used for the gππi .

The πN terms are only relevant for the O1 operator and can be written as

Lscalar
πN = gAg

πN
1 C(9)

1L F 2
0

[
N̄Sµu†τ+uN Tr

(
uµu

†τ+u
)] ēLCēTL

v5
+ (L↔ R)

=
√
2gAg

πN
1 C(9)

1L F0
[
p̄ S · (∂π−)n

] ēLCēTL
v5

+ (L↔ R) + . . . , (3.2)

2The ππ couplings defined here are related to those of refs. [25, 31, 43] by gππ
1 = g27×1, g

ππ
2 = g6×6̄,

gππ
3 = gmix

6×6̄, g
ππ
4 = g8×8, g

ππ
5 = gmix

8×8, while for the πN and NN couplings we have gπN
1 = gπN

27×1 and gNN
1 =

gNN
27×1. The notation of refs. [25, 31, 43] emphasizes the transformation properties under SU(3)L × SU(3)R.
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Figure 2. The different contributions of dim-9 LNV operators to the 0νββ potential, first discussed
in refs. [21, 54–56]. Double, dashed, and single lines denote, respectively, nucleon, pion, and lepton
fields. The black square denotes ∆L = 2 ππ, πN , and NN operators, discussed in sections 3.1
and 3.2. The remaining vertices are SM interactions between nucleons and pions.

3.1 Scalar dim-9 operators

The scalar operators O1–O5 generate the ππee, πNNee, and NN NN ee LNV couplings

shown in figure 2. The operators O2,3,4,5 induce non-derivative pionic operators, while the

first pionic operators induced by O1 contain two derivatives and are therefore relatively

suppressed. The mesonic chiral Lagrangian2 for O1,2,3,4,5 is

Lscalar
π =

F 4
0
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+ (L↔ R) + . . . , (3.1)

where U = u2 = exp (iπ · τ/F0) is the matrix of pseudo-Goldstone boson fields, F0 is the

pion decay constant in the chiral limit, and Lµ = iUDµU †. We use Fπ = 92.2MeV for

the physical pion decay constant. By NDA the LECs of the non-derivative pion operators

are expected to be gππ2,3,4,5 = O(Λ2
χ), while gππ1 = O(1). These expectations are very well

respected by the extractions of ref. [42–44] based on chiral symmetry and lattice QCD

results. In table 1 we give the value of the LECs at µ = 2GeV in the MS scheme,

obtained in ref. [44]. The physical amplitudes are scale and scheme independent provided

one uses Wilson coefficients C(9)
i evaluated at the same scale and in the same scheme as

used for the gππi .

The πN terms are only relevant for the O1 operator and can be written as

Lscalar
πN = gAg

πN
1 C(9)

1L F 2
0

[
N̄Sµu†τ+uN Tr

(
uµu

†τ+u
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=
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2The ππ couplings defined here are related to those of refs. [25, 31, 43] by gππ
1 = g27×1, g
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2 = g6×6̄,

gππ
3 = gmix
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8×8, while for the πN and NN couplings we have gπN
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Figure 1. Examples of irreducible (diagrams (a) and (b)) and reducible (diagram (c)) two-nucleon
LNV diagrams. Double and single lines denote, respectively, nucleon and lepton fields. The black
square denotes an insertion of the neutrino Majorana mass. Notice that diagram (c) is non planar,
i.e. the pions “go around” the neutrino line. The first two diagrams respect the χPT power counting,
and their scaling is determined by the chiral index ∆ of the vertices and by the number of loops.
The sum of two-nucleon irreducible diagrams defines the 0νββ two-nucleon transition operator, or
“neutrino potential”. In the third diagram the nucleons can be close to their mass shell, and the
diagram is enhanced by mN/p with respect to the χPT power counting. This diagram is included by
taking the matrix element of the neutrino potential between the nuclear bound-state wavefunctions.

Diagrams (a) and (b) exemplify “irreducible” diagrams, whose intermediate states

contain interacting nucleons and pions. These diagrams do not suffer from this infrared

enhancement, and here nucleon recoil remains a small effect. Irreducible diagrams involving

pions and nucleons follow the χPT power counting [49, 50] (commonly called “Weinberg

power counting”), while the situation is more complicated for contact interactions, where

different schemes exist such as “KSW” [54] or pionless EFT [55], where the NN interactions

become relatively enhanced.

Reducible diagrams are then obtained by patching together irreducible diagrams with

intermediate states consisting of A free-nucleon propagators. This is equivalent to solving

the Schrödinger equation with a potential V defined by the sum of irreducible diagrams.

Notice, in particular, that the potential is only sensitive to the scale p, and does not depend

on properties of the bound states such as the binding energy. For external currents, such as

the electromagnetic and weak currents, one can similarly identify irreducible contributions,

that can be organized in an expansion in p/Λχ, and separate them from the effects that

arise from the iteration of the strong-interaction potential. For example, diagrams such as

figure 1(c) are taken into account by taking the matrix element of the neutrino-exchange

potential, induced by the irreducible diagrams, between the wavefunctions of the nuclear

bound states.

In the following subsections we construct the chiral Lagrangian relevant for 0νββ pro-

cesses, and discuss the hadronic input needed to determine its couplings. The Lagrangian

contains charged-current operators with an electron and an explicit neutrino, which is

later exchanged between two nucleons (see figure 2(b)) to give rise to long-range neutrino-

exchange contributions to 0νββ. For these operators the hadronic input consists of the vec-

tor, axial, scalar, pseudoscalar, and tensor nucleon form factors, which, with the exception

of a subleading LEC in the tensor form factor, are well determined either experimentally

or via LQCD calculations.

– 10 –
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Uncertainty from the chiral NN interaction

Matrix elements in our model from chiral forces at 
different orders with different regulator cutoffs
• Means (circles) do not include the short-distance 

contribution
• Distributions at NNLO arise from propagating the 

uncertainty from the chiral NN forces
• Distributions show dependence on the regulator cutoff
• At NNLO intervals with 95% DOB are at most 0.2 wide

13

How bad does the inclusion of the short-distance 
contribution mess up these distributions?



The Fermi and Gamow-Teller components are of order one

The tensor component is small
To take this contribution into account the short-distance 
contribution we must sample          :
• Factor out the estimated scale

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001

• Assume      is normally distributed  

gNN
⌫ =

g̃NN
⌫

f2
⇡

(63)

g̃NN
⌫ = f2

⇡g
NN
⌫ (64)

pr(g̃NN
⌫ |µ,�) / exp

✓
�
(g̃NN

⌫ � µ)2

2�2
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◆
(65)

U = vC + vLSL · S (66)

vC = �
V0

1 + e�(r�R)/a
(67)

vLS = v(0)LS
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R

h̄

◆2 1

r
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d

dr

1

1 + e�(r�R)/a
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(68)

v(0)LS = �V0 (69)
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• The distribution labeled “This work” results from the 
uncertainty from the chiral NN forces and the sampling 
the short-distance parameter

• The truncation error can be included once N3LO 
calculations are completed

• The width of the interval with 95% DOB is smaller than 
the spread from the diverse nuclear models

Uncertainty from the short-distance contribution



• Push our calculations up to N4LO for the interaction
• Study the approximate independence of the 

distribution with the one-body potential
• Study other 0𝜈𝛽𝛽 decay candidates (136Xe)

THANKS FOR YOUR ATTENTION!

Summary and Outlook

• We employ four-nucleon droplets to simulate the 
valence nucleons in 76Ge and 76Se. These nucleons 
interact via chiral EFT forces

• The parameters of the chiral interaction are fitted to 
scattering data by means of an objective function that 
considers experimental uncertainties, the truncation 
of the chiral expansion and the size of the parameters

• We sampled the parameters of the chiral force and 
generate a large number of wave functions from were 
distributions for diverse quantities are obtained

• We obtained distributions for the components of the 
matrix element required to quantify the uncertainty 
for the 0𝜈𝛽𝛽 decay
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