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Or “nuclear structure properties relevant to the 
calculation of nuclear matrix elements for 0ν2β”
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Outline

• Neutrinoless double beta decay from a nuclear physicists 
perspective 

• How can nuclear structure studies help? 
- theoretical calculations in serious disagreement with each other, can 

they be constrained by experimental data? single-particle structure … 
pairing properties 

• Methods … experimental cross sections, DWBA, etc. 

• An overview of our program … a snapshot 
- The 76Ge➞76Se, 130Te➞130Xe, and 136Xe➞136Ba systems 

• Outlook
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Beta decay, double beta decay

Pairing — displacement of even-even and odd-odd mass parabolas for given 
isobars with data from 2012 atomic mass evaluation. 
*From, amongst many others, mass measurements at ANL [e.g., N. D. Scielzo et al., PRC 80, 025501 (2009)]
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N

Z

Double β decay on the Segré chart …
… which isotopes are candidates, which are the best candidates?

[T 0⌫
1/2]

�1
= (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2
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There are 35 double-β-decay 
candidates, with Q values ranging 
from 0.1-4.3 MeV, with natural 
abundances of 0.004-35%*.

Z

Double β decay on the Segré chart …

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%) 
For 11 of these, the 2ν mode has been observed. 
Also, 2v mode to excited 0+ states seen in 100Mo, 150Nd.

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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Moving in the ‘β–’ direction

… which isotopes are candidates, which are the best candidates?

N

[T 0⌫
1/2]

�1
= (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2
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A 2β– decay, a large Q value [greater than 2 
MeV] is desired because puts the signal above 
energy of most natural radioactivity. 
Additionally, the decay probability scales with 
~Q5. The rest is a compromise between natural 
abundance and detector technology and 
economics (and nuclear structure?)

Z

Double β decay on the Segré chart …

20

… which isotopes are candidates, which are the best candidates?

[T 0⌫
1/2]

�1
= (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2
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Double β decay on the Segré chart … 

[T 0⌫
1/2]

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

Also (not exhaustive): 
CANDLES-III, 48Ca 
LUCIFER, 82Se 
AMoRE, MOON, LUMINEU, 100Mo 
COBRA, 116Cd 
TIN.TIN, 124Sn 
NEXT-DEMO, NEXT-100, 136Xe 
DCBA, 150Nd 
SuperNEMO is multi-isotope possibly
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SHELL MODEL STUDIES OF THE 130Te . . . PHYSICAL REVIEW C 91, 024309 (2015)

FIG. 13. (Color online) Comparison of light neutrino exchange
0νββ NME obtained with different nuclear structure methods.
Columns left to right correspond to down to up in the legend box.

potentials) [26], or the unitary correlation operator method
(UCOM) [72]. In the case of the light neutrino exchange
mechanism, the choice of SRC parametrization plays a smaller
role in the final values of the NME, offering a variation usually
up to 10%, while in the heavy neutrino exchange scenario, its
range is increased up to 30%, because of the short-range nature
of the transition operator. Regarding the influence of the gA

strength value, in our calculations, the differences in the NME
values are less than a half percent when changing from the
usual value of 1.254 to the latest experimentally determined
value of 1.269 [42].

We also notice the new light neutrino QRPA results for
130Te and 136Xe reported in [29], which are very close to our
shell model calculations. As a general trait, the ISM light
neutrino results are different, usually by a factor of two, from
other methods. In the case of the heavy neutrino, our shell
model results are much closer to the IBM-2 ones, but still
different from QRPA calculations by a factor of two. Because
of the short-range nature of the heavy neutrino operator,

FIG. 14. (Color online) Comparison of heavy neutrino exchange
0νββ NME obtained with different nuclear structure methods.
Columns left to right correspond to down to up in the legend box.

we find an increased dependency of the results on the SRC
parametrization employed.

In Fig. 13 we show a comparison of the different light
neutrino NME recently reported by different groups using the
most recent update of their calculation. ISM-CMU are the
shell model results of our group obtained with Argonne-V18
and CD-Bonn SRC. For 48Ca, the results are taken from [37]
and [73]. The 76Ge NME are from [66], while the 82Se results
are from [39]. The 130Te values are from this work. 136Xe NME
results are from [38] and from Table II. ISM-StMa denote the
interacting shell model results of the Strasbourg-Madrid group
published in [33], which were obtained using UCOM SRC.
QRPA-Tu are the QRPA results of the Tuebingen group and
the NME are selected from the very recent paper [30], for
Argonne-V18 and CD-Bonn SRC parametrizations. QRPA-Jy
represent the QRPA calculations of the Jyvaskyla group, and
their results are taken from [27], where SRC is taken into
account using UCOM. QRPA-UNC show the QRPA results
of the University of North Carolina group [29], where SRC is
omitted. The IBM-2 are NME from the Yale group [43], for
Argonne-V18 and CD-Bonn SRC parametrizations.

Figure 14 presents the heavy neutrino NME obtained with
three different methods. The results use the same conventions
and parameters as those presented in Fig. 13. ISM-CMU results
are from Ref. [37] for 48Ca, Ref. [66] for 76Ge, Ref. [39] for
82Se, present work for 130Te, and present work and [38] for
136Xe. ISM-StMa results are chosen from [74], QRPA-Tu are
results from [30], and IBM-2 are results from [43].

Table III shows the NME displayed in Fig. 13 for the
the light neutrino exchange. The references and notations
correspond to those in the figure. Displayed in Fig. 13, but
not presented in Table III, are the ISM-CMU values 1.30 for
48Ca [73] obtained with an effective 0νββ operator, and 1.46
for 136Xe [38] calculated in the larger jj77 model space. One
should also mention that for 76Ge the ISM-StMa group fixed
their effective Hamiltonian to describe the experimental proton
and neutron occupancies, and their NME for Argonne-V18 and
CD-Bonn SRC are 3.33 and 3.52, respectively [75], in good
agreement with our values in Table III.

In Table IV we list the NME displayed used in Fig. 14 for the
heavy neutrino exchange. The choice of parametrizations and
ingredients is identical to the one in Table III. There are less
reported results for the heavy neutrino exchange mechanism

TABLE III. The calculated light neutrino 0νββ decay NME
obtained with different nuclear structure methods. Two NME values
separated by the slash sign denote the results obtained with Argonne-
V18 and with CD-Bonn SRC, respectively. A single NME value
means that it was calculated using UCOM SRC.

48Ca 76Ge 82Se 130Te 136Xe

IBM-2 2.28/2.38 5.98/6.16 4.84/4.99 4.47/4.61 3.67/3.79
QRPA-UNC 5.09/5.53 1.37/1.38 1.55/1.68
QRPA-Jy 5.52 4.57 5.12 3.35
QRPA-Tu 0.54/0.59 5.16/5.56 4.64/5.02 3.89/4.37 2.18/2.46
ISM-StMa 0.85 2.81 2.64 2.65 2.19
ISM-CMU 0.80/0.88 3.37/3.57 3.19/3.39 1.79/1.93 1.63/1.76

024309-7

Figure: Neacsu and Horoi, PRC 91, 024309 (2015) 
[countless other papers with similar plots for the ‘usual’ candidates]

NMEs — “the principal obstacle”

[T 0⌫
1/2]

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

(J. Bahcall et al., 2004 )
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and are known to temporarily elevate, for example, Rn levels in the
detector.) The live-time in the two-week periods following the 10 feed
events were unmasked first to search for increased background levels in
the ROI. No evidence for such an increase was found and the unmask-
ing of the remaining live-time proceeded.

The results of the maximum-likelihood fit are presented in Fig. 4. The
measured 2nbb decay rate is consistent with ref. 9. From the best-fit
model, the estimate of the background in the 0nbb 6 2s ROI is 31.1 6
1.8(stat.) 6 3.3(sys.) counts, or (1.7 6 0.2) 3 1023 keV21 kg21 yr21 nor-
malized to the total Xe exposure (123.7 kg yr). Both this and the 61s
value (also (1.7 6 0.2) 3 1023 keV21 kg21 yr21) are consistent with pre-
vious results, 1.5 6 0.1 (1.4 6 0.1) with the same units in the 61s (62s)
ROI13. The dominant backgrounds arise from 232Th (16.0 counts), 238U
(8.1 counts) and 137Xe (7.0 counts). This amount of 137Xe is consistent
with estimates from studies of the activation of 136Xe in muon-veto-
tagged data. The total number of events seen in this region is 39. The
best-fit value of 0nbb counts is 9.9, consistent with the null hypothesis at
1.2s as calculated using toy MC studies. The corresponding profile-
likelihood scan of this parameter is shown in Fig. 5.

A number of cross-checks were performed on the result. No event
reconstruction anomalies were found after hand-scanning all events
in the ROI. The time-between-events distribution of the ROI events is
consistent with a constant-rate process and the standoff distance
distribution of events in data is consistent with the best-fit model.
Additional backgrounds were considered that could contribute events
to the ROI. In particular, we tested for 110mAg and 88Y because of their
possible association with the measurement in ref. 12, and found that
both produce a distinct high-multiplicity signature in EXO-200 (SS/
(SS 1 MS) < 5–10%). Separate fits including each of these PDFs con-
tributed the following counts to the 62s ROI: N110mAg ~0:04+0:02
and NssY~0:02+0:01. Finally, we were able to exclude any significant
effect on the ROI background from 214Bi external to the Pb shield—
for example, from 238U in the surrounding salt.

Discussion
In summary, we report a 90% confidence level lower limit on the 0nbb
half-life of 1.1 3 1025 yr. With the nuclear matrix elements of refs
26–29 and the phase space factor from ref. 21, this corresponds to an
upper limit on the Majorana neutrino mass of 190–450 meV. Using
the three flavour fit of ref. 30 (also M. Tortola and J. Valle, personal
communication), we further use this range of effective mass limits to
construct a constraint on the mass mmin of the lightest neutrino mass
eigenstate, assuming the most disadvantageous combination of CP

phases. This corresponds to mmin , 0.69–1.63 eV, in the case where neu-
trinos are Majorana particles.

The results reported here supersede those of ref. 13, owing to the
increased exposure and improved analysis. The limit presented is how-
ever not as strong as the limit from ref. 13, consistent with expected
statistical fluctuations in the data. An appropriate metric to character-
ize the improvement of the experiment independent of such fluctua-
tions is the ‘sensitivity’, defined as the median expected 90% confidence
level half-life limit assuming the background estimated from the max-
imum-likelihood fit and the absence of a 0nbb signal. We calculate this
metric using an ensemble of limits determined from Monte Carlo pseudo-
experiments and find the EXO-200 sensitivity to be 1.9 3 1025 yr, repre-
senting an improvement by a factor of 2.7 over ref. 13.

In Fig. 6 we compare the 0nbb sensitivity and half-life limits from
the GERDA, KamLAND-Zen and EXO-200 experiments. Also shown
is the positive observation claim in 76Ge from ref. 14. The results of the
present analysis are inconsistent with the central value of this claim at
90% confidence level for two of the four considered nuclear matrix
element calculations, namely, GCM26 and NSM27.

The first two years of EXO-200 data demonstrate the power of a
large and homogeneous LXe TPC in the search for 0nbb. Simulations
of the nEXO experiment, a proposed 5,000-kg LXe TPC based on the
EXO-200 design, show that the state-of-the-art background measured
in EXO-200 can be further improved by finer charge readout pitch (to
improve the SS/MS discrimination) and by lower electronic noise in
the scintillation channel. In addition, Xe self-shielding will become
more powerful in larger detectors, where the c attenuation length at
energies near the Q-value becomes small with respect to the linear size
of the LXe vessel. This advantage only applies to monolithic, homo-
geneous detectors.
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Figure 5 | Profile likelihood, l, for 0nbb counts. The horizontal dashed lines
represent the 1s and 90% confidence levels assuming the validity of Wilks’
theorem32,33, intersecting the profile curve at (3.1, 18) and 24 0nbb counts,
respectively. From toy Monte Carlo studies, the best-fit value is consistent with
the null hypothesis at 1.2s.
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NMEs — “the principal obstacle”

Figure: The EXO-200 Collaboration, Nature 510, 233 (2014)
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(J. Bahcall et al., 2004 )
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NMEs for 2ν2β reasonably well established
What experimentally accessible nuclear-structure properties can be useful? 
First a look at the process … and start with what is known and observed, 2v2β

2v2β 
Dominated by Gamow-Teller 
transitions via 1+ states in the 
intermediate nucleus, confined to 
low excitation energy

76Ge

76As

76Se

E

T=6

T=6

0+ ias

0+ g.s.

0+ dasT=5

T=6

T=40+ g.s.

• Dominated by GT transitions via 1+ 
states in the intermediate nucleus. 

• Nuclear structure effects key (ex. 
energy / strength of 1+ states) 
AND can be probed 
experimentally via charge 
exchange reactions e.g. 
76Ge(3He,t)76As, 76Se(t,3He)76As*.
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NMEs for 0ν2β less certain
What experimentally accessible nuclear-structure properties can be useful? Not 
quite so straight forward with 0v2β

0v2β 
Probes all intermediate states up 
to 10’s of MeV, any spin (up to 5 to 
6 hbar)

76Ge

76As

76Se

E

0+ g.s. T=6

T=40+ g.s.

• Energy of intermediate states can 
be large, 10’s of MeV cf. a few for 
2v2β … Angular momentum can be 
large, 5-6 hbar cf. 1 hbar for 2v2β 

• So … it probes essentially all states, 
and is somewhat insensitive to the 
details … closure approximation 
used* 

• Not related to 2v2β, so no short 
cuts. No obvious probes that 
connect the initial and final ground 
states e.g., 76Ge(18Ne,18O)76Se.

(Mediation by a virtual neutrino 
gives different features:) 
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A look at 76Ge➞76Se, e.g., neutrons

28 42 44 50
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34

50

N

Z

What is the occupancy 
and vacancy of the active 
orbitals? How is the 
proton/neutron strength 
distributed (nature of the 
Fermi surface)? How 
does it change from 
parent to daughter? 
–– NUCLEON 
TRANSFER 
REACTIONS can 
answer this.
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Tools of the trade — transfer reactions
A well understood probe of nuclear structure, much of the formalism  developed 
in the late 50s / early 60s. Exploited to great effect.

From these cross sections, the occupancy and vacancy of orbitals can be determined ...

Single-nucleon ADDING probes the 
EMPTINESS of the orbital, or the 
VACANCY 

(cross section proportional to how many ‘spaces’ 
available in the orbital) 

Single-nucleon REMOVAL probes the 
FULLNESS of the orbital, or the 
OCCUPANCY 

(cross section proportional to how many 
particles that are in the orbital)
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... this normalization is not arbitrary, it is seemingly ubiquitous across all nuclei, 
reactions, etc. Key to use this normalization to compare to the calculations.

Tools of the trade — transfer reactions

Fq ⌘ (⌃(2j + 1)S0
adding

+ ⌃S0
removing

)/(2j + 1)

Fq(` = 1) ⌘ ((0.91 + 0.10 + 0.36 + 0.10 + 0.05) + (0.25 + 1.12 + 0.37 + 0.23 + 0.23))/(2 + 4) = 0.62

64Ni(d,p)
E (keV) jπ (2j+1)S’adding

0 5/2– 1.18

63 ℓ = 1 0.91

310 ℓ = 1 0.1

693 ℓ = 1 0.36

1017 9/2+

1418 ℓ = 1 0.1

1594 (7/2–)

1920 5/2+

2147 ℓ = 1 0.05

2336 (9/2+)

2793 (5/2+)

2829 ()

E (keV) jπ S’removing

0 ℓ = 1 0.25

87 5/2– 1.47

156 ℓ = 1 1.12

518 ℓ = 1 0.37

1001 ℓ = 1 0.23

1292 9/2+

2149 ℓ = 1 0.23

2297 (5/2+)

2519 9/2+

2953 1/2+

64Ni(p,d)

(Convenient example)
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28

50

0f7/2

1p3/2

0f5/2

1p1/2

0g9/2

0g7/2

Validity, consistency checks …

3.5. Enge split-pole spectrograph 67

FOCAL PLANE

TARGET

UN-DEFLECTED 

TRAJECTORY

POLE PIECE 2

POLE PIECE 1

COIL

Figure 3.6: Schematic of an Enge split-pole spectrograph, showing the different paths
taken by ions of different angular momenta. One can clearly see the two pole pieces
and the coil which surrounds them both. Figure modified taken from [51].

particles which have small momentum differences. This is its resolving power and

depends on the magnification and momentum dispersion of the spectrograph.

The split-pole spectrograph at WNSL was designed to have a particularly large

acceptance: its limits are ±80 mrad in the horizontal plane and ±40 mrad in the ver-

tical plane, providing a maximum solid angle of 12.8 msr. A better resolution can be

achieved with a smaller aperture, but the trade off is lower statistics. For these ex-

periments it was possible to gain sufficient statistics with a moderately narrow aper-

ture. For Experiment I, it was chosen to be 3.2 msr. In Experiment II, two different

apertures were used: data taken from the June 2006 run implemented a 2.80 msr

aperture, whilst the February run made use of a 1.50 msr aperture.

Several papers detail the mathematics of the ion-optic properties of split-pole

spectrograph (for example [51]). Below is a brief discussion of some of these proper-

ties.

Table 3.2 shows the specifications of the Yale split-pole spectrograph which can be

optimal and thus the cross sections are rather weak.
Therefore, helium-induced reactions were used to obtain
data with improved momentum matching and larger cross
sections for the higher-‘ transitions. This selectivity is
illustrated in Fig. 1.

Deuteron, proton, 4He, and 3He beams from the Yale
tandem accelerator were used to bombard isotopically
enriched Ge and Se targets of about 200–300 !g=cm2

evaporated on thin, 50 !g=cm2 C foils. The momenta of
the reaction products were determined and the particles
identified with the Yale Enge spectrograph and gas-filled
focal-plane detector backed by a scintillator.

The product of target thickness and spectrometer solid
angle was found by measuring elastic scattering in the
Coulomb regime at 30! for each target used. The beam
energies used for this calibration were 6-MeV protons and
10-MeV " particles. For the transfer reactions, the same
spectrometer aperture and beam integrator settings were
used to minimize potential systematic errors. The beam
energies chosen were 15 MeV for the (d;p) reaction and
23 MeV for the (p;d) to keep the energies in each channel
comparable. Similarly, (",3He) was studied at 40 MeVand
(3He,") at 26 MeV. Measurements were also carried out on
targets of 74Ge and 78Se to provide an additional check.
The energy resolution obtained was "40 keV for the
deuteron and proton-induced reactions, and "70 keV for
the 3;4He reactions.

The (d;p) angular distributions have been studied pre-
viously and ‘ values were assigned [6,7]. In the current
work, the yields were therefore measured only at the angles
that correspond to the peaks in the angular distributions for
the ‘ values of interest: 11!, 28!, and 37! for ‘ # 1, 3 and
4, respectively. The helium-induced reactions are forward
peaked, and so the most practical forwardmost angles were
chosen: 8! for (", 3He) and 5! for its inverse. The previous

‘-value assignments [6,7] were confirmed, as may be seen
in Fig. 2. Our results also agree approximately with the
previous relative spectroscopic factors for states populated
with a particular target.

We used the finite-range code PTOLEMY [8] for the
DWBA calculations. The normalization depends on the
choice of the distorting potentials and the bound-state
parameters. The extracted relative spectroscopic factors
also vary with these choices, but by a smaller amount,
and this is a source of some of the uncertainty at the level
of a few percent. For the projectile bound-state wave
function, the Reid potential was used for the deuteron
and a Woods-Saxon one for the " particle and for the
various target bound states.

Absolute spectroscopic factors are notoriously difficult
to obtain. The values of spectroscopic factors for ‘‘good’’
single-particle states in doubly-magic nuclei are usually
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PRL 100, 112501 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
21 MARCH 2008

112501-2

So we have the methodology, but need to ensure the reactions are performed such that 
they best satisfy the assumptions made in DWBA 

(d,p) for 1p
(α,3He) for 0f,1g

(p,d) for 1p
(3He,α) for 0f,1g

ββ

76Se 77Se 78Se

75As 77As

74Ge 75Ge 76Ge
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Isotope 1p1/2,3/2 0f5/2 0g9/2
Sum 

Measured [expected]

74Ge 4.9(2) 4.2(4) 5.7(3) 14.7(5) [14.0]

76Ge 4.9(2) 4.6(4) 6.5(3) 15.9(5) [16.0]

76Se 4.4(2) 3.8(4) 5.8(3) 14.0(5) [14.0]

78Ge 5.1(2) 4.4(4) 4.0(3) 16.3(5) [16.0]

These measurements carried out at Yale using a tandem accelerator and split-pole 
spectrograph. 

Using an average normalization factor – derived from the sum of 
observed occupancies and vacancy on an orbit-by-orbit in each isotope – 
the summed occupancies for the valence orbits are as follows:

Neutron occupancies, Ge and Se
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It is the difference that is important, and here we see the discrepancies more clearly. The theory, 
before hand, is describing a very different change between the initial and final state.
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Table 6. Values of the NME (M0νββ) for the 76Ge → 76Se decay and occupation numbers at
different seniority truncations

Neutrons Protons NME
76Ge

1p 0f5/2 0g9/2 1p 0f5/2 0g9/2
sm = 0 4.8 5.2 6.1 1.3 2.1 0.6
sm = 4 4.8 5.0 6.2 1.3 2.0 0.7
sm = 10 4.8 4.8 6.4 1.3 2.0 0.7

76Se
1p 0f5/2 0g9/2 1p 0f5/2 0g9/2

sm = 0 3.9 4.6 5.5 1.8 3.3 0.9 11.85
sm = 4 4.3 4.4 5.3 2.1 2.6 1.3 7.99
sm = 14 4.1 4.1 5.9 2.1 2.8 1.1 3.26

is, obtaining them from the regularization of the bare operator in the same way that the bare
interaction is regularized into the effective one within the nuclear medium. In both papers the
effect of the short range correlations in the 0νββ process is found to be negligible, (less than
5%) once the dipole form factor is taken into account in the operators.

Table 7. Values of the NME for the 76Ge → 76Se decay for ISM interactions, using the SRC’s
proposed in Ref. [16].

Interaction Mno SRC M0νββ
Argonne M0νββ

Bonn

gcn28.50 2.89 2.82 3.00
RG 3.40 3.33 3.52

8

76Ge➞76Se … impact?

Menéndez, Poves, Caurier, Nowacki, J. Phys.: Conf. Ser. 312, 072005 (2011) 
(Data from numerous papers)
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ββ

76Se 77Se 78Se

75As 77As

74Ge 75Ge 76Ge

ββ

130Xe 131Xe 132Xe

129I 131I

128Te 129Te 130Te

e.g. Majorana, GERDA e.g. CUORE

What next?
Buoyed by the success of the 76Ge➞76Se results, we turned our attention to the subject of 
the CUORICINO / CUORE experiments, 130Te➞130Xe. 
If we were to adopt the same approach, we have to deal with Xe isotopes, which are gaseous. 
We collaborated with Stuart Freedman’s group at Berkeley who developed a cryogenic Xe 
target for use at Yale.

CUORE-0 submitted their first results to PRL just recently (see arXiv last week, 1504.0245v1[nucl-ex]) 
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130Te➞130Xe — the landscape
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We focused on neutrons first … (lessons learned from the Ge/Se experience)
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No evidence of 0g7/2 (ℓ = 4) strength up to 5 MeV (not shown) in the (α,3He) reaction 
(ℓ = 4 seen in when probed the occupancies, but is deeply bound / fragmented, so only see limit strength)

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

Neutron adding on Te, Xe
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TABLE 1. Neutron vacancies.

Target 2s1/2 1d 0g7/2 0h11/2 Total [Expected]
128Te 0.72 2.06 0 3.34 6.13 [6]
130Te 0.50 1.45 0 2.21 4.16 [4]
130Xe 0.56 2.71 0 2.99 6.26 [6]
132Xe 0.26 1.96 0 1.77 3.99 [4]

` transfer, e.g. to 2s1/2 (` = 0) and 1d (` = 2) states. Similarly, the (a ,3He) and (3He,a) reactions are better matched
for transfer to high-` states such as the 0g7/2 (` = 4) and 0h11/2 (` = 5) states. These considerations make for a more
reliable determination of spectroscopic factors, as described below. Further details of the measurement can be found
in Ref. [11].

The experimental cross sections were reduced to spectroscopic factors using the distorted wave Born approximation
with the code Ptolemy [12]. Naively, the summed spectroscopic strength from both the adding and the removing
reactions for a given `, j should equal the degeneracy of that orbit. However, correlations between nucleons quench

the independent single-particle mode in the nuclear medium such that this sum is reduced. This reduction appears to
be a uniform feature of nuclei, at least those close to the valley of beta stability. It was recently demonstrated [13]
that this quenching factor was 0.55(10) over a broad range of nuclei and different adding and removing reactions. The
summed spectroscopic strengths can be normalized as shown in, e.g., Ref. [13] so they can be compared to calculations,
which typically do not include the correlations between nucleons. The normalized summed strengths give a measure
of the occupancy (removing reactions) or vacancy (adding reactions) of the orbit. These can be used as a metric to
test calculations of the nuclear matrix element, or to refine the input, such as the effective interactions used in the
shell-model calculations.

The data from the adding and removing reactions on the Te isotopes were used to independently determine the
normalization (or quenching factor) for each orbit, and each target. The average value of these, 0.57(5), for the `= 0,2
transfer was used to normalize the spectroscopic factors for the 2s1/2 and 1d strength in both the Te and Xe. Similarly
the average of the ` = 5 normalizations, 0.41(4), was used for the 0h11/2 strength. No 0g7/2 strength was observed
in the (a ,3He) reaction over the excitation-energy range studied, suggesting the 0g7/2 orbit is fully occupied. Some
strength was seen in the removing reactions, but the strength is expected to be fragmented and deeply bound so no
attempt was made to extract occupancy. The extracted neutron vacancies for 128,130Te and 130,132Xe are shown in
Table 1 and Fig. 1. Calculations of the neutron vacancies for 130Te and 130Xe from Ref. [14] appear to overestimate the
role of the 0h11/2 strength in the difference between the parent and the daughter. They also suggest some role for the
0g7/2 orbit at the level of a few tenths of a nucleon in the difference. A full presentation of the results and comparison
to theory is presented in Ref. [11].
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FIGURE 1. Experimental and theoretical (see Ref. [14]) determinations of the neutron vacancies for the active orbits in 130Te
and 130Xe (left), and the differences (right). Figure modified from that presented in Ref. [11].
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TABLE 1. Neutron vacancies.

Target 2s1/2 1d 0g7/2 0h11/2 Total [Expected]
128Te 0.72 2.06 0 3.34 6.13 [6]
130Te 0.50 1.45 0 2.21 4.16 [4]
130Xe 0.56 2.71 0 2.99 6.26 [6]
132Xe 0.26 1.96 0 1.77 3.99 [4]

` transfer, e.g. to 2s1/2 (` = 0) and 1d (` = 2) states. Similarly, the (a ,3He) and (3He,a) reactions are better matched
for transfer to high-` states such as the 0g7/2 (` = 4) and 0h11/2 (` = 5) states. These considerations make for a more
reliable determination of spectroscopic factors, as described below. Further details of the measurement can be found
in Ref. [11].

The experimental cross sections were reduced to spectroscopic factors using the distorted wave Born approximation
with the code Ptolemy [12]. Naively, the summed spectroscopic strength from both the adding and the removing
reactions for a given `, j should equal the degeneracy of that orbit. However, correlations between nucleons quench

the independent single-particle mode in the nuclear medium such that this sum is reduced. This reduction appears to
be a uniform feature of nuclei, at least those close to the valley of beta stability. It was recently demonstrated [13]
that this quenching factor was 0.55(10) over a broad range of nuclei and different adding and removing reactions. The
summed spectroscopic strengths can be normalized as shown in, e.g., Ref. [13] so they can be compared to calculations,
which typically do not include the correlations between nucleons. The normalized summed strengths give a measure
of the occupancy (removing reactions) or vacancy (adding reactions) of the orbit. These can be used as a metric to
test calculations of the nuclear matrix element, or to refine the input, such as the effective interactions used in the
shell-model calculations.

The data from the adding and removing reactions on the Te isotopes were used to independently determine the
normalization (or quenching factor) for each orbit, and each target. The average value of these, 0.57(5), for the `= 0,2
transfer was used to normalize the spectroscopic factors for the 2s1/2 and 1d strength in both the Te and Xe. Similarly
the average of the ` = 5 normalizations, 0.41(4), was used for the 0h11/2 strength. No 0g7/2 strength was observed
in the (a ,3He) reaction over the excitation-energy range studied, suggesting the 0g7/2 orbit is fully occupied. Some
strength was seen in the removing reactions, but the strength is expected to be fragmented and deeply bound so no
attempt was made to extract occupancy. The extracted neutron vacancies for 128,130Te and 130,132Xe are shown in
Table 1 and Fig. 1. Calculations of the neutron vacancies for 130Te and 130Xe from Ref. [14] appear to overestimate the
role of the 0h11/2 strength in the difference between the parent and the daughter. They also suggest some role for the
0g7/2 orbit at the level of a few tenths of a nucleon in the difference. A full presentation of the results and comparison
to theory is presented in Ref. [11].
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Neutron vacancies, A = 130

Kay et al., PRC 87, 011302(R) (2013) 
Calculations from Suhonen and Civitarese NPA 847, 207 (2010).
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TABLE 1. Neutron vacancies.

Target 2s1/2 1d 0g7/2 0h11/2 Total [Expected]
128Te 0.72 2.06 0 3.34 6.13 [6]
130Te 0.50 1.45 0 2.21 4.16 [4]
130Xe 0.56 2.71 0 2.99 6.26 [6]
132Xe 0.26 1.96 0 1.77 3.99 [4]

` transfer, e.g. to 2s1/2 (` = 0) and 1d (` = 2) states. Similarly, the (a ,3He) and (3He,a) reactions are better matched
for transfer to high-` states such as the 0g7/2 (` = 4) and 0h11/2 (` = 5) states. These considerations make for a more
reliable determination of spectroscopic factors, as described below. Further details of the measurement can be found
in Ref. [11].

The experimental cross sections were reduced to spectroscopic factors using the distorted wave Born approximation
with the code Ptolemy [12]. Naively, the summed spectroscopic strength from both the adding and the removing
reactions for a given `, j should equal the degeneracy of that orbit. However, correlations between nucleons quench

the independent single-particle mode in the nuclear medium such that this sum is reduced. This reduction appears to
be a uniform feature of nuclei, at least those close to the valley of beta stability. It was recently demonstrated [13]
that this quenching factor was 0.55(10) over a broad range of nuclei and different adding and removing reactions. The
summed spectroscopic strengths can be normalized as shown in, e.g., Ref. [13] so they can be compared to calculations,
which typically do not include the correlations between nucleons. The normalized summed strengths give a measure
of the occupancy (removing reactions) or vacancy (adding reactions) of the orbit. These can be used as a metric to
test calculations of the nuclear matrix element, or to refine the input, such as the effective interactions used in the
shell-model calculations.

The data from the adding and removing reactions on the Te isotopes were used to independently determine the
normalization (or quenching factor) for each orbit, and each target. The average value of these, 0.57(5), for the `= 0,2
transfer was used to normalize the spectroscopic factors for the 2s1/2 and 1d strength in both the Te and Xe. Similarly
the average of the ` = 5 normalizations, 0.41(4), was used for the 0h11/2 strength. No 0g7/2 strength was observed
in the (a ,3He) reaction over the excitation-energy range studied, suggesting the 0g7/2 orbit is fully occupied. Some
strength was seen in the removing reactions, but the strength is expected to be fragmented and deeply bound so no
attempt was made to extract occupancy. The extracted neutron vacancies for 128,130Te and 130,132Xe are shown in
Table 1 and Fig. 1. Calculations of the neutron vacancies for 130Te and 130Xe from Ref. [14] appear to overestimate the
role of the 0h11/2 strength in the difference between the parent and the daughter. They also suggest some role for the
0g7/2 orbit at the level of a few tenths of a nucleon in the difference. A full presentation of the results and comparison
to theory is presented in Ref. [11].
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TABLE 1. Neutron vacancies.

Target 2s1/2 1d 0g7/2 0h11/2 Total [Expected]
128Te 0.72 2.06 0 3.34 6.13 [6]
130Te 0.50 1.45 0 2.21 4.16 [4]
130Xe 0.56 2.71 0 2.99 6.26 [6]
132Xe 0.26 1.96 0 1.77 3.99 [4]

` transfer, e.g. to 2s1/2 (` = 0) and 1d (` = 2) states. Similarly, the (a ,3He) and (3He,a) reactions are better matched
for transfer to high-` states such as the 0g7/2 (` = 4) and 0h11/2 (` = 5) states. These considerations make for a more
reliable determination of spectroscopic factors, as described below. Further details of the measurement can be found
in Ref. [11].

The experimental cross sections were reduced to spectroscopic factors using the distorted wave Born approximation
with the code Ptolemy [12]. Naively, the summed spectroscopic strength from both the adding and the removing
reactions for a given `, j should equal the degeneracy of that orbit. However, correlations between nucleons quench

the independent single-particle mode in the nuclear medium such that this sum is reduced. This reduction appears to
be a uniform feature of nuclei, at least those close to the valley of beta stability. It was recently demonstrated [13]
that this quenching factor was 0.55(10) over a broad range of nuclei and different adding and removing reactions. The
summed spectroscopic strengths can be normalized as shown in, e.g., Ref. [13] so they can be compared to calculations,
which typically do not include the correlations between nucleons. The normalized summed strengths give a measure
of the occupancy (removing reactions) or vacancy (adding reactions) of the orbit. These can be used as a metric to
test calculations of the nuclear matrix element, or to refine the input, such as the effective interactions used in the
shell-model calculations.

The data from the adding and removing reactions on the Te isotopes were used to independently determine the
normalization (or quenching factor) for each orbit, and each target. The average value of these, 0.57(5), for the `= 0,2
transfer was used to normalize the spectroscopic factors for the 2s1/2 and 1d strength in both the Te and Xe. Similarly
the average of the ` = 5 normalizations, 0.41(4), was used for the 0h11/2 strength. No 0g7/2 strength was observed
in the (a ,3He) reaction over the excitation-energy range studied, suggesting the 0g7/2 orbit is fully occupied. Some
strength was seen in the removing reactions, but the strength is expected to be fragmented and deeply bound so no
attempt was made to extract occupancy. The extracted neutron vacancies for 128,130Te and 130,132Xe are shown in
Table 1 and Fig. 1. Calculations of the neutron vacancies for 130Te and 130Xe from Ref. [14] appear to overestimate the
role of the 0h11/2 strength in the difference between the parent and the daughter. They also suggest some role for the
0g7/2 orbit at the level of a few tenths of a nucleon in the difference. A full presentation of the results and comparison
to theory is presented in Ref. [11].
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Neutron vacancies, A = 130 … progress?

Kay et al., PRC 87, 011302(R) (2013) 
Calculations from Suhonen and Civitarese NPA 847, 207 (2010).
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(or does it speak to the challenges of using the shell model for heavy systems)
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T. Bloxham et al., PRC 82, 027308 (2010)  
W. P. Alford et al., NPA 323, 339 (1979)
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TABLE I. Cross sections for 0+ states populated in neutron-pair
removing and proton-pair adding reactions on 128Te and 130Te. Those
quoted for neutron-pair removal are for θlab = 5◦ and have systematic
uncertainty of ∼7%, while those quoted for proton-pair addition are
at θlab = 0◦ and are taken from Ref. [12]. Energies are taken from
Ref. [19] unless otherwise stated.

Reaction E (MeV) σ (mb/sr) Ratioa Normalized strengthb

128Te(p,t) 0 4.21 90 1.21
1.873 0.06 20 0.02
2.579 0.15 21 0.04

130Te(p,t) 0 3.49 89 1.00
1.979 0.05 50 0.01
2.313(4)c 0.05 >20 0.01

128Te(3He,n) 0 0.24 – 0.96
2.13 0.095 – 0.32

130Te(3He,n) 0 0.26 – 1.00
1.85 0.098 – 0.34
2.49 0.062 – 0.21

aRatio of 5◦ to 17◦ cross sections, for the (p,t) reaction only.
bCross sections corrected for the DWBA dependence and normalized
to the ground-state transition from 130Te.
cState newly identified in this work and assigned as 0+. The ratio is a
lower limit as this peak is obscured by the adjacent one at 17◦.

calculation of double-β decay matrix elements. The only
observed cross sections from reactions on 128Te to 0+ excited
states are transitions to the 1.873-MeV excited state of 126Te
and another to one at 2.579 MeV; they are less than 4% of the
ground-state strength. Both of these states have been reported
previously, though the only available data are the energies
and cross sections at 30◦ [13,19]. There are also similarly
weak transitions in the reaction on 130Te to states at 1.979
and 2.313(4) MeV; the latter is tentatively identified as having
spin-parity 0+ in this work. The cross sections at 5◦ are listed
in Table I, along with the ratios to the cross sections at 17◦.
The latter angle is near the minimum of the ℓ = 0 angular
distribution and the ratio therefore is a useful signature of ℓ = 0
transitions. The systematic uncertainties in cross sections are
estimated as ∼7% with statistical errors becoming significant
(>10%) only below ∼0.06 mb/sr.

The ratio of cross sections for these peaks between 5◦ and
17◦ is much larger than 1.0 which is the signature for ℓ = 0
transitions and therefore of 0+ states. Because all the excited
0+ states are weakly excited, they do not represent a significant
breaking of the BCS symmetry.

For protons the situation is very different. The proton-pair
adding reaction Te(3He,n) had been studied [12] and a strong
(∼30%) transition is seen to excited 0+ states at approximately
2.6-MeV excitation in all the Te isotopes. This appears to be a
classic case of a pair vibration [10] and is likely a consequence
of the subshell gap at proton number Z = 64, separating the

14 protons in the g7/2 and d5/2 orbits from the 18 in h11/2, s1/2,
and d3/2.

Such a proton pair vibration is not consistent with the
assumptions of QRPA. The implication of this splitting could
therefore be substantial for the matrix element for neutrinoless
double-β decay. We note that there are 28 neutrons in 130Te
in the major oscillator shell between N = 50 and 82, leaving
a vacancy of 4. At the same time there are two protons above
Z = 50, leaving 30 vacancies. If the proton orbits above Z =
64 do not participate in the corrrelated final ground state then,
assuming all orbits are equally important, this would reduce the
number of vacancies by a factor of (82 − 52)/(64 − 52) = 2.5.
Shell-model calculations have been used to describe the
A = 130 double-β decay candidates [20], but it has not been
demonstrated whether these calculations successfully describe
the observed pair transfer strength to excited 0+ states.

IV. CONCLUSIONS

There is ample experimental evidence for the existence of a
subshell at Z = 64 for protons, but no comparable gap exists
for the neutron orbits. The connection between this subshell
and pairing vibrations for protons has apparently not been
previously emphasized and the effect of such a splitting of a
simple BCS state on the double-β decay matrix elements is
unexplored.

There is a need for more experimental work in this
mass region and we are planning to perform quantitative
measurements of the populations of the valence orbits in 130Te
and 130Xe by one-nucleon transfer [21], similar to those that
were done for 76Ge [22].

From the overall pair-transfer data available on these
tellurium isotopes, it appears that there may be a serious
problem with the approximations inherent in QRPA in the mass
130 region (i.e., transitions are observed to occur that QRPA
forbids from its basic assumptions). This could significantly
affect the matrix elements predicted for the decay of tellurium,
and needs clarification for the extraction of information on the
effective neutrino mass, when and if results become available
from the experiments searching for neutrinoless double-β
decay.

A summary of these data are available online in the
Experimental Unevaluated Nuclear Data List (XUNDL)
database [23].

ACKNOWLEDGMENTS

This work was supported by the US Department of Energy,
Office of Nuclear Physics, under Contract Nos. DE-AC02-
05CH11231, DE-AC02-06CH11357, and DE-FG02-91ER-
40609, and by the UK Science and Technology Facilities
Council.

[1] S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001).
[2] M. H. Ahn et al., Phys. Rev. Lett. 90, 041801 (2003).

[3] S. N. Ahmed et al., Phys. Rev. Lett. 92, 181301 (2004).
[4] Ø. Elgarøy et al., Phys. Rev. Lett. 89, 061301 (2002).

027308-3

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 possibly a consequence of a sub-shell gap at Z = 64 
Consequences for QRPA? (Does the shell model include this feature also?)

Brief comment on pairing / Z = 64
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(Very) early exploration of the data … encouraging
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• The Ge-Se work, mapping out the proton and neutron 
occupancies, had a major impact on theory … 

• (We have also explored the role of pairing vibrations—a nuclear-structure feature that, if present, 
voids one of the a priori assumptions in one of the leading theory approaches, QRPA.) 

• With that said, it is not clear what the answer to the NME 
‘obstacle’ is. They are inherently complex calculations … is there 
a simple answer?  

• Theoretical calculations are now routinely compared to our data 
(highly cited works). 

• The occupancies of the 100Mo➞100Ru, 130Te➞130Xe, 136Xe➞136Ba, 
150Nd➞150Sm systems at various stages of complete. 

• Program moving at a rapid pace… others working on different 
aspects of the problem, and plans to study other systems 

So … where do things stand? … ~1 decade in after we started
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Collaborators
This work, initiated by John Schiffer, has been going on for just shy of 10 years now, with 
measurements made at several labs (WNSL, RCNP, Munich, Orsay, Notre Dame) involving lots 
of people. (In most instances, targets prepared by J. P. Greene.) (Several people have changed institution.)
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