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Overview
Over the past two decades, a wealth of experimental has been collected to explore single-
particle aspects of 0νββ-decay candidates in a direct challenge to nuclear theory. Other groups 
(theory and experiment) have explored other properties such as the ground state shapes.

o Basic premises (ground-state nucleon occupancies, pairing) 
o Experiments (now a 10-year+ project) 
o Analysis techniques 
o Normalizations, quenching 
o An overview of results, compared with theory 
o Comments on pairing, quenching 
o Shapes (breifly)

For a great overview on many aspects of 0νββ decay, see: M. Agostini et al. Rev. Mod. Phys. 95, 025002 (2023)
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Fig. 1 The currently allowed ranges of m0⌫�� observables of 0⌫�� decay is shown as a

function of the lightest neutrino mass m0. In the case of normal (inverted) mass ordering

the ranges are shown by green (blue) colour. The light (dark) coloured regions are computed

by taking into account (without taking account) the current 1� uncertainties of the relevant

mixing parameters. Also shown are the limits on m0⌫�� coming from KamLAND-Zen and

EXO [26] (by the light brown band and arrow), the bounds on m0 obtained by Planck

collaboration [22] (by the magenta and the brown dotted lines). We note that the KamLAND-

EXO bound spans a band (not line) because of the NME uncertainty.

mass regime, which is formally defined as m0 �
p

�m2
atm ' 0.05 eV, already takes place for

m0⌫�� and m� at around m0 >⇠ 0.1eV.

In Fig. 1 and in the rest of this paper we use the values obtained in [80]:

�m
2
21 = 7.54⇥ 10�5 eV2

,

sin2 ✓12 = 0.308 or sin2 2✓12 = 0.853, (7)

for the both mass orderings whereas

�m
2
32 = 2.40 (�2.44)⇥ 10�3 eV2

,

sin2 ✓13 = 0.0234 (0.0239) or sin2 2✓13 = 0.0914 (0.0933), (8)

for the normal (inverted) mass ordering.5 Using these values of the parameters m0⌫�� at its

current status can be summarized as

m0⌫�� '
��0.676 (0.675) m1 + 0.301 m2e

i↵21 + 0.0234 (0.0239) m3e
i↵31

�� (9)

5 Since the best fitted values of mass squared di↵erence for atmospheric neutrino oscillation, �m
2,

shown in Table I of Ref. [80], is defined as �m
2 ⌘ m

2
3 � (m2

1 +m
2
2)/2, the values of �m

2
32 in Eq. (8)

were obtained by using the relation �m
2
32 = �m

2 ��m
2
21/2.
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Elucidating the nature of neutrinos is one 
of the major challenges to contemporary 
science — 
• Majorana or Dirac? 
• Lepton number conservation? 
• Absolute mass scale? 
• Mass mechanisms? 
• Matter-antimatter asymmetry? 
• …

Beta decay, double beta decay ...

E.g., from article, NPB 893, 89 (2015)
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models.) Our present knowledge of the neutrino mixing parameters provides a firm 
prediction for the range of values of the parameter mββ in the inverted hierarchy scenario 
(see Figure 1.2 below). This very recent development offers us a new opportunity for 
experimental study of the Majorana vs. Dirac nature of the neutrino. For the inverted hierarchy, 
the range of allowed values of <mββ> can be studied by large neutrinoless double beta decay 
experiments with total isotope mass of 1 ton or more. Over the last few decades, physicists 
have developed low-background experiments for neutrino detection with masses up to 1000 
tons (although not of the selective isotopes relevant for double beta decay). These new 
technologies, coupled with further developments from dedicated R&D efforts, enables the 
construction of powerful new double beta decay experiments in the multi-ton range. 
Therefore, it is timely and compelling to embark on a discovery quest to observe neutrinoless 
double beta decay. 
 
 
Neutrino Oscillations  
 
In 1998 the landscape for NLDBD changed. The Super-Kamiokande experiment reported 
conclusive evidence that a significant fraction of muon-type atmospheric neutrinos disappeared 
when traveling from the other side of the Earth to their detector. These and subsequent data 
have led to the conclusion that the cause for the disappearance is the mixing of the neutrino 
flavors, producing the oscillation of one flavor of neutrino into others. Neutrino oscillations 
occur when small differences between the masses of different neutrinos lead to large phase 
differences. Therefore, in order for neutrino oscillations to occur, at least one of the mass 
states must have non-zero mass. Neutrino oscillation experiments done with atmospheric 
neutrinos, solar neutrinos, reactors and accelerator-produced neutrino beams have confirmed 
this hypothesis and have now begun to accurately measure the components of the three-
neutrino mixing matrix. 

 
Figure 1.2. The two possible mass hierarchies, where the color-coding shows the fraction of 
each flavor state contained in each mass state. Note the definitions ∆m2

sol= ∆m21
2 and 

∆m2
atm=∆m32

2. (From the 2013 Snowmass Report [1].) 
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ββ and the chart of nuclides
Which isotopes are candidates?

In about 25% of the isobaric 
chains, double beta decay, of 
one kind or another, is 
possible.
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ββ and the chart of nuclides
Which isotopes are candidates?

34 total candidates, 22 of which can undergo εβ+ and 6 2β+ decay. One 
confirmed observation of the 2ν version of 2ε in 130Ba, via geochemical analysis. 
(Note: resonant neutrinoless double capture (R0ν2ε) discussed as being more 
viable)

Moving in the “β+” direction … 
2ε, Q < 1.022 MeV
2ε / εβ+ 1.022 < Q < 2.044 MeV
2ε / εβ+ / 2β+ Q > 2.044 MeV

Double electron capture: Has many final 
states; experimentally challenging due 
to need to detect low-energy photons. 
I will ignore for rest of talk. 
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ββ and the chart of nuclides
Which isotopes are candidates?

10 Oct 2002 10:51 AR AR172-NS52-04.tex AR172-NS52-04.SGM LaTeX2e(2002/01/18) P1: IBC

DOUBLE BETA DECAY 119

Figure 1 Illustration of the spectra of the sumof the electron kinetic energies Ke (Q is
the endpoint) for the ��(2⌫) normalized to 1 (dotted curve) and ��(0⌫) decays (solid
curve). The ��(0⌫) spectrum is normalized to 10�2 (10�6 in the inset). All spectra
are convolved with an energy resolution of 5%, representative of several experiments.
However, some experiments, notably Ge, have a much better energy resolution.

in Figure 2, which shows an essentially exponential improvement, by more than a
factor of four per decade, of the corresponding limits. If this trend continues, we
expect to reach the neutrino mass scale suggested by the oscillation experiments in
10–20 years. Given the typical lead time of the large particle physics experiments,
the relevant double beta decay experiments should begin the “incubation” process
now.

2. NEUTRINO MASS: THEORETICAL ASPECTS

2.1. Majorana and Dirac Neutrinos

Empirically, neutrino masses are much smaller than the masses of the charged
leptons with which they form weak isodoublets. Even the mass of the lightest
charged lepton, the electron, is at least 105 times larger than the neutrino mass
constrained by the tritium beta decay experiments. The existence of such large
factors is difficult to explain unless one invokes some symmetry principle. The
assumption that neutrinos are Majorana particles is often used in this context.
Moreover, many theoretical constructs invoked to explain neutrino masses lead to
the conclusion that neutrinos are massive Majorana fermions.
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[T 0⌫
1/2]

�1 = (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2

There are 35 double-β-
decay candidates, with Q 
values ranging from 0.1-4.3 
MeV, with natural 
abundances of 0.004-35%*.

Figure of 2β– spectrum from Elliott and Vogel, Annu. Rev. Nucl. Part. Sci. 52, 115 (2002) 
*Excluding the alpha emitters (232Th and 238U, which are ~100% alpha decay) 
For 11 of these, the 2ν mode has been observed. Also, 2v mode to excited 0+ states 
seen in 100Mo and 150Nd.

Moving in the “β–“ direction …
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ββ and the chart of nuclides
Which isotopes are candidates?

Typically, only about 11 are 
discussed as viable, and in 
reality, only a subset of these 
are practical.

[T 0⌫
1/2]

�1 = (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2



0vββ candidates

Large Q value is desired … 
backgrounds. Additionally, the decay 
probability scales with ~Q5 and Z.  

The rest is a compromise between 
natural abundance, detector 
technology, economics, and nuclear 
structure.
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0vββ candidates

Large Q value is desired … 
backgrounds. Additionally, the decay 
probability scales with ~Q5 and Z.  

The rest is a compromise between 
natural abundance, detector 
technology, economics, and nuclear 
structure.
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Data: Kotila and Iachello, Phys. Rev. C 85, 034316 (2012).

Best candidates?
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NMEs -- "the principal problem"

SHELL MODEL PREDICTIONS FOR 124Sn DOUBLE- . . . PHYSICAL REVIEW C 93, 024308 (2016)

TABLE VI. Same as Table V (without EDF and REDF) for the heavy neutrino-exchange mechanism.

48Ca 76Ge 82Se 124Sn 130Te 136Xe

ISM-CMU 52.9/75.5 126/202 127/187 97.4/141 94.5/136 98.8/143
ISM-StMa 56.5 132.7 122.4 141 144.2 114.9
QRPA-Tu 40.3/66.3 287/433 262/394 184/279 264/400 152/228
QRPA-Jy 401.3 287.1 453.4 338.3 186.3
IBM-2 46.3/76.0 107/163 84.4/132 79.6/120 92.0/138 72.8/109

(the higher end of the bars correspond to CD-Bonn SRC).
The ISM-StMa shell model NME results from Ref. [44] are
calculated with UCOM SRC and with effective Hamiltonians
different from those used in the ISM-CMU calculations.

The new 124Sn heavy neutrino-exchange 0νββ decay
NME results reported here are presented in Table VI. Sim-
ilar to the light neutrino-exchange case, we use two SRC
parametrizations, and we include our results for the other
five nuclei ( 48Ca [47], 76Ge [38], 82Se [39], 130Te [40], and
136Xe [40,48]). They are compared with the results of the other
methods included in Table V, when available. Since there does
not appear to be much difference between the IBM-2 heavy
neutrino NME reported in Ref. [57] and those of Ref. [56]
we kept the old results, as they include both CD-Bonn and
Argonne-V18 SRC. The QRPA-Jy results are from the recent
Ref. [87], and the QRPA-Tu are from Ref. [53]. The ISM-StMa
are from Refs. [90,91].

Other methods investigating the light neutrino-exchange
NME, such as the nonrelativistic EDF [59] and the
REDF [60,92], do not fall within our selection criteria, and
are not included in our Figures, but we include their latest
results in Table V (under the horizontal line).

V. CONCLUSIONS

This paper presents our shell model calculations for the
double-β decay of 124Sn in the jj55 model space, using
the SVD effective Hamiltonian [64] that was fine tuned

FIG. 6. Comparison of light neutrino-exchange 0νββ NME ob-
tained with different nuclear structure methods. Order left to right
in the data for each isotope corresponds to order down to up in the
legend box.

with experimental data for the Sn isotopes. We validate the
effective Hamiltonian by performing calculations of several
spectroscopic quantities (energy spectra, B(E2) ↑ transitions),
finding good agreement with the experimental data. We also
provide results for occupation probabilities and GT strengths
that could be investigated and validated by future experiments.

We provide half-lives for 2νββ decay to the ground
state, T

1/2
2ν (g.s.) = 1.6 × 1021 yr, to the first excited 0+

1

state, T
1/2

2ν (0+
1 ) = 6.2 × 1026 yr, and to the first excited 2+

1

state, T
1/2(2+

1 )
2ν (2+) = 2.2 × 1026 yr, of 124Te. We estimate a

theoretical uncertainty of at least ±20% for these predictions.
The half-life for the g.s. is just beyond the current experimental
limit [28], but the transitions to the excited states are not
accessible. If the (0+

1 )∗ state from Ref. [74] is validated by
future experimental investigations, then the half-life for the
transition to this state is predicted to be T

1/2(0+)
2ν = 5.6 ×

1023 yr. Our results are quite different from other similar results
reported in the literature. We believe that our predicted 2νββ
half-lives for 124Sn can be used to guide future experimental
efforts, and potentially save considerable resources.

In the case of 0νββ decay, we report new 124Sn NME in the
range 2.00–2.15 for the light left-handed neutrino-exchange
mechanism. For the heavy right-handed neutrino-exchange
mechanism, we obtain 124Sn NME in the range 97.4–141.
We also present an analysis of the I -pair decomposition of
the 124Sn NME for the light and heavy neutrino-exchange
mechanisms. An optimal closure energy was used for the light
neutrino-exchange NME. In both cases we found that the main
contribution to the NME is provided by the cancellation be-
tween I = 0 and I = 2 pairs, similar to the case of 48Ca [47],

FIG. 7. Same as Fig. 6 for heavy neutrino-exchange NME.

024308-7

Many groups, using different 
models and assumptions, carry 
out these calculations. The 
spread is considerable. 

Horoi and Neacsu, Phys. Rev. C 93, 
024308 (2016)
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Experimental searches are 
often discussed in terms of 
their sensitivity to a given half 
life, accounting for enrichment, 
efficiency, backgrounds, 
resolution, and mass.

Experimental requirements

• Experiments measure the half life of the decay, T1/2

the sensitivity depends on:

➡ a = enrichment

➡ ε = detector efficiency for observing the e-

➡M = mass

➡ t = measuring time

➡∆E = energy resolution at the Q-value of the decay

➡B = background in the relevant energy region

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E

∝|NME|2

2

SDPFMU-dbExp.

E
xc

ita
tio

n 
E

ne
rg

y 
(M

eV
)

0

1

2

3

4

5

SDPFMU-dbExp.

Ca48

0+1

2+1

0+2
4+1

2+1

0+2
4+1

0+1

3(+)1 3+1

0+1

2+1

0+2

4+1

2+2

0+1

2+1

0+2

4+1
2+2

Ti48

FIG. 1. (color online) Excitation spectra of 48Ca and 48Ti.
The lowest five positive-parity states [41] are compared to
sdpf calculations with the SDPFMU-db interaction.

served 0+2 level of 48Ca. The two-proton transfer reaction
experiment [40] shows a large cross section to the 0+2 state
of 48Ca, suggesting sizable proton excitations from the sd
shell. The 0+2 state obtained with the SDPFMU-db in-
teraction shows 1.64 protons in the pf shell consistently
with this property, whereas the SDPFMU result finds
only 0.22. The new SDPFMU-db interaction thus gives
an improved description compared to SDPFMU.

Figure 1 shows the excitation spectra of 48Ca and 48Ti
obtained with SDPFMU-db, which are in good agree-
ment to experiment. The SDPFMU spectra is gener-
ally of similar quality, with the 0+2 level of 48Ca too
high by 200 keV. In contrast, a pf -shell calculation with
GXPF1B gives the 0+2 level in 48Ca 1.3 MeV higher than
the experimental one. For the 0+2 state in 48Ti, the
sdpf -shell calculation with SDPFMU-db gives 1.0 MeV
higher excitation energy than experiment, probably due
to missing 4!ω excitations. The 2!ω components in the
ground states of 48Ca and 48Ti are 22% and 33% for
SDPFMU-db (14% and 20% for SDPFMU). Such siz-
able 2!ω excitations suggest that these interactions in the
sdpf -configuration space capture sufficiently well cross-
shell sd-pf excitations.

First we study the 2νββ decay of 48Ca. We calcu-
late the Gamow-Teller β+ and β− strengths, and com-
pare them to experiments for the energy range up to 5
MeV [42, 43], so that we can extract the appropriate
quenching factor q of the στ operator for each calcu-
lation. We find q = 0.71 for both sdpf interactions,
and q = 0.74 for the pf -shell interaction, in accordance
with previous pf -shell studies [33]. The similar quench-
ing factor shows that it does not depend on missing sd-pf
correlations. Then we calculate 2νββ decay matrix el-
ements by summing contributions from 100 virtual 1+

intermediate states in 48Sc, and obtain M2ν = 0.051
(0.045) MeV−1 with the SDPFMU-db (SDPFMU) in-
teraction, in good agreement with experiment, M2ν =

N
M

E

QRPA      IBM       EDF       SM         SM        SM
(pf)     (MBPT)   (sdpf)

0

1

2

3
Ca48

FIG. 2. (color online) Comparison of NME values for the
48Ca 0νββ decay. The present shell-model results in the sdpf
space (SM sdpf : left SDPFMU-db, right SDPFMU) are com-
pared to pf -shell results (SM pf : left [17], right [15]), pf -shell
result plus a perturbative calculation of the effect of orbitals
outside the pf shell (SM MBPT) [49], QRPA [22], IBM [25],
and EDF (left: non-relativistic [26], right: relativistic [27])
calculations. The range between double horizontal bars cov-
ers results including different type of short-range correlations
(Argonne, CD-Bonn, UCOM [50]) and without them.

0.046±0.004MeV−1 [44]. In the pf -shell calculation with
GXPF1B the result is very similar, M2ν = 0.052 MeV−1,
reflecting low sensitivity to the size of the shell-model
configuration space in 2νββ decay. This is in contrast to
the high sensitivity observed in Ref. [45]. The difference
arises because in the present calculations all spin-orbit
partners are always included.
We then calculate the 48Ca 0νββ decay NME in the

sdpf space including up to 2!ω configurations. It is given
in the closure approximation as [13]

M0ν = ⟨0+f |Ô
0ν |0+i ⟩ = M0ν

GT −
g2V
g2A

M0ν
F +M0ν

T , (2)

with Gamow-Teller (M0ν
GT ), Fermi (M0ν

F ) and tensor
(M0ν

T ) terms classified according to the spin structure
of the operator. The vector and axial coupling constants
are taken to be gV = 1 and gA = 1.27, respectively.
We set the closure parameter to ⟨E⟩ = 0.5 MeV, found
appropriate in the pf -shell calculation of Ref. [17]. We
consider the inclusion of Argonne- and CD-Bonn-type
short range correlations [46]. Two-body current contri-
butions to the transition operator [47] are not included.
The possible quenching of the στ operator in 0νββ de-
cay is the matter of discussion [18], because compared
to 2νββ decay the momentum transfer is larger, and the
virtual intermediate states of the transition include addi-
tional multipolarities. Therefore, similarly to most pre-
vious calculations, we do not quench the στ operator for
0νββ decay. A detailed discussion on the 0νββ decay
operator Ô0ν can be found in Ref. [16].

Iwata et al., Phys. Rev. Lett. 116, 112502 (2016)
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NMEs -- "the principal problem"



Mechanism, rationale for our work



Ground states ...
• Single- and two-particle properties should be important: 

▪ How do the protons and neutrons rearrange themselves going from the 
initial to final state? (we can probe that) 

▪ Are the ground states ’simple’ BCS like states? (we can probe that too) 

• Can knowledge of the above inform or constrain theoretical calculations? 

• How well are the uncertainties (in the analysis of the experimental data) understood? 

• (Are all these things not already known (after all, these are [essentially] 
stable isotopes?)



Single-nucleon and two-nucleon transfer on nuclei involved in the 76Ge➝76Se, 100Mo➝100Ru, 
130Te➝130Xe, and 136Xe➝136Ba decays

Original works, including cross sections and analyzed data: 

S. J. Freeman et al., Phys. Rev. C 75, 051301(R) (2007): A = 76 neutron pairing 
J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008): A = 76neutron occupancies 
B. P. Kay et al., Phys. Rev. C 79, 021301(R) (2009): A = 76 proton occupancies 
T. Bloxham et al., Phys. Rev. C 82, 027308 (2010): A = 130 neutron (and proton) pairing 
J. S. Thomas et al., Phys. Rev. C 86, 047304 (2012): A = 100 neutron pairing 
B. P. Kay et al., Phys. Rev. C 87, 011302(R) (2013): A = 130 neutron occupancies 
A. Roberts et al., Phys. Rev. C 87, 051305(R) (2013): A = 76 proton pairing  
J. P. Entwisle et al., Phys. Rev. C 93, 064312 (2016): A = 130 and A = 136 proton occupancies 
S. V. Szwec et al., Phys. Rev. C 94, 054314 (2016): A = 136 neutron occupancies 
S. J. Freeman et al., Phys. Rev. C 96, 054325 (2017): A = 100 proton and neutron occupancies

Series of experiments ...



Focus of brief experimental highlights

76Se 77Se 78Se

75As 76As 77As

74Ge 75Ge 76Ge

𝜋 = 𝜐 𝜋 = 𝜐

130Xe 131Xe 132Xe

129I 130I 131I

128Te 129Te 130Te

136Ba 137Ba 138Ba

135Cs 136Cs 137Cs

134Xe 135Xe 136Xe

𝜋 = 𝜐

100Ru 101Ru 102Ru

99Tc 100Tc 101Tc

98Mo 99Mo 100Mo

𝜋 ≠ 𝜐

Single-nucleon and two-nucleon transfer on nuclei involved in the 76Ge➝76Se, 100Mo➝100Ru, 
130Te➝130Xe, and 136Xe➝136Ba decays



Yield 
(Cross section) 

Momentum 
(Energy)

Around 10 MeV/u (direct reactions) 
Variety of reactions (momentum matching)

Reminder (again), transfer reactions

Spectra from BPK et al., Phys. Rev. C 87, 011302(R) (2013) 



• Need a normalization 
• Typical uncertainty is between 

+/-0.1-0.2 nucleons 
• Demonstrated in many systems 

(groups of isotopes/isotones) 
across the chart of nuclides

• But is the normalization just arbitrary?

Does it work? A question not asked yet

Ni occupancies from J. P. Schiffer et al., Phys. Rev. Lett. 108, 022501 (2012) 



ββ

76Se 77Se 78Se

75As 77As

74Ge 75Ge 76Ge

Analysis, e.g., of 76Ge,Se



Analysis - sum rules and normalization



Analysis - sum rules and normalization



... old results

J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008) [neutrons] BPK et al., Phys. Rev. C 79, 021301(R) (2009) [protons]



... old results

J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008) [neutrons] BPK et al., Phys. Rev. C 79, 021301(R) (2009) [protons]



J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008) [neutrons] 
BPK et al., Phys. Rev. C 79, 021301(R) (2009) [protons] 
Rodin et al., Nucl. Phys. A 766, 107 (2006) [A] 
Suhonen et al., Phys. Lett. B 668, 277 (2006) [B] 
Caurier et al., Phys. Rev. Lett.100, 052503 (2008) [C]

Error bars are dominated by the systematic 
uncertainties relating to the analysis 
(Does not include more recent IBM results) 

QRPA QRPA

Change in occupancy



J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008) [neutrons] 
BPK et al., Phys. Rev. C 79, 021301(R) (2009) [protons] 
Rodin et al., Nucl. Phys. A 766, 107 (2006) [A] 
Suhonen et al., Phys. Lett. B 668, 277 (2006) [B] 
Caurier et al., Phys. Rev. Lett.100, 052503 (2008) [C]

Error bars are dominated by the systematic 
uncertainties relating to the analysis 
(Does not include more recent IBM results) 

QRPA QRPA

Change in occupancy



Yes, some. Much discussed. A 40-70% reduction in the well-known gap between QRPA and the ISM, 
resulted. This predated recent IBM work and newer calculations.

Impact? Any? Maybe ...

Šimkovic et al., Phys. Rev. C 79, 055501 (2009) [quote]



Each case presents its 
own challenges, 
demands on facilities 
(Others in progress: 
[82Se], 116Cd, 124Sn, 150Nd)

100Mo➝100Ru, MLL

130Te➝130Xe, Yale/RCNP

136Xe➝136Ba, IPN, RCNP
𝜋 = 𝜐

𝜋 = 𝜐

𝜋 ≠ 𝜐

How to tackle the rest (without boring you)



Each case presents its 
own challenges, 
demands on facilities 
(Others in progress: 
[82Se], 116Cd, 124Sn, 150Nd)

100Mo➝100Ru, MLL

130Te➝130Xe, Yale/RCNP

136Xe➝136Ba, IPN, RCNP
𝜋 = 𝜐

𝜋 = 𝜐

𝜋 ≠ 𝜐

How to tackle the rest (without boring you)



A = 100 occupancies

Freeman et al., Phys. Rev. C 96, 054325 (2017)

High level density, Munich Q3D (as good as 8-keV FWHM resolution



A = 130 occupancies
Cryogenic targets, gas targets ...

BPK et al., Phys. Rev. C 87, 011302(R) (2013) J. P. Entwisle et al., Phys. Rev. C 93, 064312 (2016)

J. P. ENTWISLE et al. PHYSICAL REVIEW C 93, 064312 (2016)

FIG. 4. The bar charts to the left show the change in nucleon occupancies between the ground states for the 0β2ν-decay of 130Te → 130Xe
and 136Xe → 136Ba. The experimental data are denoted EXP. The proton data are from the current work, while the neutron data for the
130Te → 130Xe system are from Ref. [22]. The experimental data are compared to four different calculations: SM1 [47]; SM2 [48] (both
shell-model calculations); IBM [50] (interacting-boson model); and QRPA [49] (quasiparticle random-phase approximation). The plots to the
right show a comparison of the theoretical calculations to the experimental data, for 2s1/2 (blue triangles, dotted line), 1d (orange squares,
dashed), 0g7/2 (gray circles, solid), and 0h11/2 (green diamonds, dot-dashed) strength. The error bars reflect the uncertainty in the experimental
data.

nucleon occupancies for the 130Te → 130Xe system. This
allows us to quantitatively describe the change in neutron
and proton occupancy in the 0β2ν-decay process. Any viable
calculation of the nuclear matrix element should also describe
these changes.

Several theoretical calculations exist predicting both the
neutron and proton occupancies of 130Te, 130Xe, 136Xe, and
136Ba. Figure 4 shows a summary of experimental data and
theoretical calculations describing the change in proton occu-
pancies in the 0β2ν-decay process for the 130Te → 130Xe and
136Xe → 136Ba systems. Additionally, neutron vacancies from
the experimental data from Ref. [22] are also shown for the
130Te → 130Xe system. The shell-model (SM) calculations are
from Neacsu and Horoi (SM1) [47] and from Menéndez et al.
(SM2) [48]. The quasiparticle random-phase approximation
(QRPA) results refer to those denoted “BCS+Adj.” in Suhonen
and Civitarese [49]. Results of a recent calculation using the
interacting-boson model (IBM) by Kotila et al. [50] are shown
also. The figure shows the difference between the theoretical
calculations and the experimental data with the uncertainties
in the experimental data included. This is to emphasize the
discrepancies where present. These calculations were carried

out before the experimental data was available, with the
exception of the recent shell-model calculations (SM1) of
Ref. [47] and the IBM calculations of Ref. [50], both of
which were carried out after experimental data for the neutron
vacancies were published, but before the current proton data
were available.

A. Proton occupancies

Focusing on the change in proton occupancies, we ob-
serve that the experimental changes between the parent and
the daughter is mostly in the α0g7/2 and α1d orbitals,
with the latter presumably being mostly the αd5/2 strength.
This is the same for both the 130Te → 130Xe and 136Xe →
136Ba decays, where the change in proton occupancies are,
not surprisingly, similar. This is generally reflected in the
calculations where there is, at least, a qualitative agreement.
Both shell-model calculations, SM1 and SM2, overestimate
the change in the α1d orbital, with corresponding underesti-
mate in the change of the α0g7/2 orbital. The opposite is true
of the IBM calculations. The SM2 results appear to provide a
better description of the experimental data over the more recent
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approximation (DWBA) calculations. For all other targets,
three angles were measured. These were βlab = 2.5→, 5.8→,
and 18→. The two most forward angles are close to the first
maxima in the angular distributions for ν = 0, 2, 4, and 5
transfers, while the βlab = 18→ data point provided additional
discrimination between the different ν transfers. These an-
gles were chosen from the exploration of several DWBA
calculations using the finite-range DWBA code PTOLEMY
[38]. Different global optical-model parametrizations for both
deuterons [34–37] and A = 3 ions [39–43] were explored.
As has been observed in previous works at comparably high
energies [7], the angular distributions are less distinctive in
shape than at energies nearer the Coulomb barrier.

Two different Faraday cups were used to integrate the beam
current, depending on the angle of the GR spectrometer. At the
most forward GR angle of βlab = 2.5→, the spectrometer aper-
ture was obscured by the Faraday cup in the scattering chamber
and so an alternative cup was used, located downstream of the
scattering chamber. Several checks were made to ensure the
two Faraday cups yielded consistent results. The transmission
between the two Faraday cups was compared to a reference
cup upstream in the beam line, which typically agreed at the
5% level. Further, the Large Acceptance Spectrometer (LAS),
also coupled to the scattering chamber with an aperture of
9 msr, was positioned at 60→ throughout all measurements. This
acted as a monitor detector for elastically scattered deuterons,
independent of the choice of Faraday cup used for beam current
integration. The LAS data were only used in longer runs where
the statistics were sufficient; the typical count rate was of the
order of ×1 Hz. The fluctuations between the ratio of integrated
beam current using different Faraday cups and the deuteron
yield recorded in the LAS were less than 5%.

III. ANALYSIS AND RESULTS

The outgoing 3He spectra are shown in Fig. 1 for the
(d,3He) reaction on 128,130Te, 130,132,134,136Xe, and 136,138Ba.
The Q-value resolution was around 100 keV full width at half
maximum, both for the solid and the Xe targets, and varied
little over the angular range covered in these measurements.
In all cases, excitation energy spectra were measured over
a range of approximately 0–8 MeV; however, the states of
interest are predominantly confined to the first 3 MeV in
excitation energy. The states corresponding to excitations from
below Z = 50, initially with fragments of the α0g9/2 strength,
appear at excitation energies around 2–4 MeV. Strong peaks
due to reactions on carbon and oxygen also appear in this
region, and above. The characteristic features of the spectra
below about 2 MeV in excitation energy include a 7/2+

ground state, accounting for about half to three quarters of
the proton occupancy above Z = 50, followed by two weaker
ν = 2 states, which in most cases appear to be of spin and parity
5/2+, though some assignments of 3/2+ have been made in
the literature. This is referred to as ν = 2 or α1d strength in the
subsequent analysis. Common to all isotopes is that these first
three states account for ×80% of the proton occupancy above
Z = 50. The remaining strength is shared between 2s1/2 and
0h11/2 proton orbitals, and some additional weak fragments of
1d and 0g7/2 strength.

FIG. 1. (a)–(h) Outgoing 3He spectra following the (d,3He)
reaction at an incident energy of 101 MeV on isotopes of 128,130Te,
130,132,134,136Xe, and 136,138Ba at βlab = 5.8→. The dominant peaks
carrying proton strength corresponding to orbitals above Z = 50 are
labeled by their energy in keV and ν value.

The cross sections were extracted from the yields, which
were normalized to the integrated beam current and the product

064312-3



A = 130 occupancies
Take advantage of N = 82 being a good closed shell for neutrons

S. V. Szwec et al., Phys. Rev. C 94, 054314 (2016) J. P. Entwisle et al., Phys. Rev. C 93, 064312 (2016)
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FIG. 1. (a) Outgoing deuteron spectrum measured at θlab = 5.9◦

following the 136Ba(p,d)135Ba reaction at an incident proton energy
of 23 MeV and (b) the outgoing 4He spectrum measured at the same
angle following the 136Ba(3He ,α)135Ba reaction at 32 MeV. Some
relevant states are labeled by their energies in keV and spin-parity
assignments.

134Ba, and 5.9◦ and 10.9◦ for 136Ba. The forward-most angle of
5.9◦ was a compromise between the high rate in the focal-plane
detector and being close to the maximum in the # = 4 and
5 angular distributions—where the spectroscopic factors are
most reliably extracted. A second angle was chosen for 136Ba
to reveal peaks that were otherwise obscured by contaminants.
This was not necessary in the case of 134Ba.

The spins and parities of the states of interest in this
study are generally well known with robust assignments. For
example, a detailed high-resolution study of the ( "d,p) reaction
on 132Ba [32] has been carried out. While this does not provide
the required information for this work, it does provide confir-
mation of spin and parity assignments for many of the same
states probed in the present study of 133Ba. Similar is true of
(p,d)-reaction studies on 138Ba [19] for states in 137Ba. In both
cases, they reinforce the assignments made in other measure-
ments, such as β decay. The only case where new assignments
may be made in the present work is for the high-j states, which
would have been weakly populated in previous studies.

The neutron-adding reaction probes the vacancy below
N = 82, and the targets are only two and four neutrons short
of this. This means that for a given percentage accuracy the
adding reactions, determining a smaller quantity, provide a
more sensitive measure of the shortfall from N = 82. Given
that the spins and parities are known, we opted to run only
at the angle(s) close to the peak of the angular distribution
in the neutron-adding measurements. The inverse is true of
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FIG. 2. Example angular distributions demonstrating (a) # = 4
and (b) # = 5 discrimination in the (3He ,α) reaction on 136Ba. The
solid black lines show DWBA calculations for the assigned # value,
while the dashed lines show the distribution associated with the
alternative # value.

the neutron-removing (3He ,α) reaction, whose yields are
proportional to the occupancy, which being 28 and 30 neutrons
above N = 50 results in significant yields for this reaction.
This measurement was again at angles corresponding to
the cross-section maxima for the high-j states, but also at
additional angles of 15.9◦ and 20.9◦ to help discriminate
between the similar # = 4 and 5 shapes. An example of this is
shown in Fig. 2.

In the second experiment, a similar approach was taken with
the (d,p) and (p,d) reactions. The experimental conditions,
such as the spectrometer aperture and beam current integrator,
were set to the same values as the previous experiment. The
neutron-adding (d,p) reaction was carried out at θlab = 5.9◦

and 18.9◦ on both 134,136Ba. These angles correspond to the
maxima of the # = 0 and 2 angular distributions (# = 0 is
peaked at 0◦; however, 5.9◦ was the most forward angle at
which we could practically run). For the neutron-removing
(p,d) reaction, the same angles were used, again correspond-
ing to maxima in the # = 0 and 2 angular distributions.
Mechanical failure of the target prohibited a measurement of
the (p,d) reaction on 134Ba. During the (d,p) measurements,
a gradual degradation of the targets was noted when the data
were analyzed; the counting rate per integrated beam current
for a given region of excitation changed as a function of time.
The rate of loss of target material for a measurement at a given
angle was about 10–20% per hour. This means that for each
target, only the relative yields for the different states at a given
angle are meaningful for this part of the experiment and an
absolute normalization was not acquired. The implications of
this are discussed below.

III. ANALYSIS AND RESULTS

In all of the nuclei studied here, the spectra are charac-
terized by a low-lying sequence of 3/2+, 1/2+, and 11/2−

states, which to a large degree define the vacancies in the
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TABLE I. Neutron vacancies from this analysis.

Isotope ν0g7/2 ν1d ν2s1/2 ν0h11/2 Totala

134Ba 0.00+0.15
−0.00 1.12 ± 0.15 0.50 ± 0.15 2.38 ± 0.15 4.00

136Ba 0.00+0.15
−0.00 0.24 ± 0.05 0.08 ± 0.02 1.68 ± 0.13 2.00

136Xe 0.00 0.00 0.00 0.00 0.00
136Ba −136Xe 0.00+0.15

−0.00 0.24 ± 0.05 0.08 ± 0.02 1.68 ± 0.13 2.00

aThe sums are defined as 4.00 and 2.00 for 134,136Ba, respectively, and the vacancies for 136Xe defined as 0.00, as discussed in the text.

very low cross sections and poor momentum matching, we
only assign an upper limit to the vacancy of the ν0g7/2 orbit.

The vacancies for both 134Ba and 136Ba are given in Table I.
For 136Ba the change in neutron vacancy with respect to
136Xe is shown in Fig. 3 along with recent data on the
proton occupancies [8]. The cross sections, in absolute units
for the (α,3He) and (3He ,α) reactions and in arbitrary units
for the (p,d) and (d,p) reactions, and spectra for each
reaction, are provided in the Supplemental Material [52].
The uncertainties in this work hinge on those associated
with the extraction of the 0h11/2 strength. The systematic
uncertainties on the absolute cross sections for the (α,3He)
and (3He ,α) are most likely dominated by uncertainties in
the angle of the spectrometer, the uniformity of the targets,
and the implementation of the Faraday cup and beam current
integrator. These are not trivial to estimate, and so we place
a conservative estimate of ∼20%. The relative uncertainties
on the cross sections, target-to-target, are smaller because all
variables were kept the same except the targets themselves.
There were estimated to be around 5%. Statistical uncertainties
on the large peaks, the 11/2−, were ∼1% for the neutron
removing and ∼5% for the neutron adding, becoming >10%

for peaks with cross sections !20 µb/sr. For the (d,p) and
(p,d) reactions, the statistical uncertainties were less than 5%
for peaks with cross sections >0.2–4 mb/sr. The uncertainties
in the summed strength is driven largely by the DWBA
analysis, which yielded a spread of around ±0.15 nucleons
in the ν0h11/2 strength. The rms spread in the # = 0 and 2
vacancies based on the DWBA analysis is #0.1 nucleons and
is thus dominated by the uncertainties in the ν0h11/2 derived
from the (α,3He) and (3He ,α) data. Because of the relatively
small values of the ν2s1/2 and ν1d strength, we adopt the
same uncertainty as the ν0h11/2 orbitals for vacancies >0.5
nucleons, and assume 20% for values <0.5 nucleons. The
ν0g7/2 vacancy is left as an upper limit and is not included in
the sums.

IV. DISCUSSION

With 136Ba lying just two neutrons away from N = 82, it is
not surprising that the ν0h11/2 accounts for a large fraction of
the vacancy as shown in Fig. 3. Two of the three calculations
also show that the ν0h11/2 accounts for most of the vacancy.
It is, however, underestimated in all cases, most notably in the
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FIG. 3. Change in proton occupancies (top) and neutron vacancies (bottom) in the 0ν2β decay of 136Xe in the bar charts. The proton data
are from Ref. [8] and the neutron data from the present work. The three different theoretical calculations are from the shell model, SM1 [14]
and SM2 [50], and the interacting boson model, IBM [51]. The discrepancy between the theoretical calculations and the experimental data is
shown on the right where the error bars show the experimental uncertainty.
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Overview of all results
A decade of work ...



Comment on occupancies
A decade of work ...

• The agreement is perhaps qualitatively okay, in some instances within the 
uncertainties (but not for both protons and neutrons), but quite poor on the whole 

➢ We can ask whether it matters? … it does, regardless of how (in)sensitive 
the NME is to the change in occupancies



Can the ground states of the 
candidates be described as ‘seas’ of 
correlated 0+ paired protons and 
neutrons?

Z = 64

Pairing properties (important)

e.g. works of Freeman, Bloxham, Thomas, Roberts, etc



Pair-transfer reactions are a simple and effective probe of pairing correlations 
No evidence of ‘pairing vibrations’ in the A = 76 region

Ge(p,t) and Se(p,t) Ge(3He,n)

Pairing around A ~ 76

S. J. Freeman et al., Phys. Rev. C 75, 051301(R) (2007) [neutrons] A. Roberts et al., Phys. Rev. C 87, 051305(R) (2013) [protons]



A transitional region with deformation playing a role in the nuclear structure: 
• Reactions leading to and from 100Ru show ~95% of the L=0(p,t) strength is in the g.s. (on the 

spherical side of the transitional region) 
• For 100Mo about 20% of the L=0(p,t) strength is an excited 0+,  a shape-transitional nucleus 
• No evidence for pairing vibrations, but structure is complicated

Pairing around A ~ 100

J. S. Thomas et al., Phys. Rev. C 86, 047304 (2012)



From the proton-pair adding Te(3He,n) reactions by Alford et al., significant strength is seen in ℓ= 
0 transitions to excited states … 
A classic case of pair vibration and likely a consequence of a sub-shell gap at Z = 64 
Consequences for QRPA? (Does the shell-model include this feature also?)

Pairing around A ~ 130,136

T. Bloxham et al., Phys. Rev. C 82, 027308 (2010) [neutrons] W. P. Alford et al., Nucl. Phys. A 323, 339 (1979) [protons]

BRIEF REPORTS PHYSICAL REVIEW C 82, 027308 (2010)

discussed here are relevant to the validity of the BCS
approximation for the ground states of 128,130Te in the calcula-
tion of the nuclear matrix element for double-β decay. Because
the decay involves removing a pair of neutrons from the parent
nucleus and adding a pair of protons, we have explored the
neutron pair-removal process from measurements of the (p,t)
reaction on targets of 128,130Te and we discuss the results with
reference to a previous proton-pair transfer experiment [12].
The (p,t) reaction on 128,130Te has been performed twice
before [13,14]; however, the former covered insufficient
angle range to reliably identify " = 0 transitions, and the
latter focused only on transitions to negative-parity states.
Similar measurements for another neutrinoless double-β decay
candidate, 76Ge, had been carried out by Freeman et al. [15]
and no strong transitions to 0+ excited states were observed in
the relevant Ge and Se isotopes; the complementary proton-
pair-adding measurement has not yet been performed.

II. METHODOLOGY

The beam energy was selected such that both protons and
tritons would be well above the Coulomb barrier; 23-MeV
protons from the Yale tandem Van de Graaf accelerator
were used for the (p,t) measurements. Light ions from the
reaction were momentum analyzed using the Yale split-pole
spectrograph and detected and identified in a gas-filled focal
plane detector. To determine the target thickness, elastic
scattering of 15-MeV α particles was measured at 20◦ using
the spectrograph, well within the Rutherford regime, with the
same targets in the same position, using the same setting on
the beam-current integrator and the same solid angle on the
spectrograph, to obtain accurate relative and absolute cross
sections. Throughout the experiment, a Si surface barrier
detector at 30◦ to the beam direction was used to monitor
elastic scattering and, in turn, target thickness.

The experiment was performed at several forward angles
to identify transitions with zero angular-momentum transfer
to states above the ground states. The targets were evaporated
onto thin carbon backings and were 416-µg/cm2 thick for
128Te and 645-µg/cm2 thick for 130Te.

The " = 0 (p,t) transitions are the strongest in the spectrum
of final states at very forward angles and the distorted wave
Born approximation (DWBA) works best at those angles.
It was therefore desirable to carry out measurements at as
forward angles as possible, which in this case was 5◦. Spectra
were also measured at 11◦, 17◦, and 22◦. It is straightforward to
select and characterize transition peaks as corresponding to 0+

states based on their angular distributions, and our results also
confirm assignments from the literature. DWBA calculations,
carried out using the PTOLEMY code [16], are shown in Fig. 1,
with optical-model parameters for protons from Perey [17],
and triton potentials from Perry [18]. The exact shapes of
these curves, such as the ratios of the sharp forward maximum
for " = 0 to the first minimum, depend sensitively on the
details of the potentials and are not relevant in the present
context. Nevertheless, the ratio of the cross sections between,
for instance 5◦ and 17◦ is always at least an order of magnitude
larger for " = 0 than it is for " = 2, 3, or 4 and provides a robust
signature of 0+ states.
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FIG. 1. (Color online) Calculated angular distributions for the
ground-state 0+ transition and for the 2+ excited-state transition in
130Te(p,t)128Te reaction.

III. RESULTS

It can be seen from Fig. 2 that for neutron-pair removing
reactions the cross section for excited 0+ states is very small,
which is consistent with the BCS approximation for the ground
states that is implicit in the QRPA calculations used in the
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FIG. 2. (Color online) Outgoing triton spectra from neutron-pair
transfer reactions on 128Te (top) and 130Te (bottom) at 5◦. The
excitation energies, and " transfer, are labeled for states of interest
and " = 0 states are shaded (red online).
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Experimental nuclear-structure data is an essential part of the story of the NME challenge 

The candidates are not ‘generically similar’ systems (pairing, e.g. Z = 64, closed shells, 
deformation, etc., all different in each case) 

‘Traditional’ calculations do not reliably reproduce information extracted from experiments (what 
level of agreement should we expect?) 

New ab initio calculations likely essential (model space, interactions, Hamiltonians, correlations, 
weak currents, all still being worked on) 

Quenching (not of gA, but of occupancy) likely has some consequence also

Summary on the 0v2β occupancies



Shapes ...
Here, the naive expectation is that parent-daughter systems with similar shapes are likely to be 
favored* over those that are different.

Demostrated in EDF calculations for quadrupole deformation: N. L. Vaquero et al., Phys Rev. Lett. 111, 142501 (2013)



Shapes ...
Here, the naive expectation is that parent-daughter systems with similar shapes are likely to be 
favored* over those that are different.

Demostrated in EDF calculations for quadrupole deformation: N. L. Vaquero et al., Phys Rev. Lett. 111, 142501 (2013)



Shapes ... 76Ge and triaxiality
Here, the naive expectation is that parent-daughter systems with similar shapes are likely to be 
favored* over those that are different.



Experimental nuclear-structure data is an essential part of the story of the NME challenge 

The occupancy story is likely not resolved 

Pairing properties could be explored further 

A great deal of detailed spectroscopy has been carried out (not shown in this talk) via e.g. (n,nγ) 
measurement 

Shapes and shape differences (of 0νββ-decay candidates) can be explored further ... there are 
many probes of nuclear shape, Coulomb excitation, inelastic scattering, spectroscopy, ..., each 
with their own limitations, ...

Conclusions


