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Overview

๏ Brief introduction of 0ν2β decay and the NME challenge 

๏ Overview of experimental approach to determining occupancies 

๏ Analysis details—how model dependent are the results? 

๏ What does quenching mean (the other quenching)? 

๏ Results of nucleon transfer reactions 

๏ Some comments
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Sean Freeman talked on the nucleon occupancies for the A = 100 and 150 
systems and their connection to theoretical calculations.

Related work
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The last NSAC Long Range Planning exercise placed an emphasis on 0ν2β-decay 
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The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

devices, and new computing techniques are themselves 

great achievements (see Sidebar 5.1). Several 

experiments are currently operational or about to come 

online with half-life sensitivities for the neutrinoless 

decay mode in the range of 1025–1026 years; they will 

also provide us with critical guidance about how best to 

take the next steps.

Next-generation neutrinoless double beta decay 

experiments have enormous potential to discover 

this process. With masses of isotope on the scale of 

tons, expected improvements in half-life sensitivity 

are two orders of magnitude or more over existing 

limits (i.e., 1027–1028 years). Results from solar, reactor, 

and atmospheric neutrino oscillation experiments 

have shown that there must be a neutrino mass 

state of at least 50 meV. When interpreted within the 

simplest lepton-number-violating mechanism (i.e., the 

exchange of light Majorana neutrinos), such “ton-scale” 

experiments can discover neutrinoless double beta 

decay if the lightest neutrino mass is above 50 meV or 

if the spectrum of neutrino masses is “inverted” (see 

Figure 5.2). Even if neither condition is realized in nature, 

a discovery is possible if other mechanisms beyond the 

simplest one contribute to the decay. Well motivated 

alternative mechanisms involving new super-heavy 

particles more than 10 times heavier than weak force 

carriers (the W and Z particles) provide additional strong 

motivation for next-generation experiments.

Within the simplest mechanism (light Majorana neutrino 

exchange), the measurement of the decay half-life 

of the neutrinoless mode combined with input from 

nuclear theory allows a determination of the effective 

neutrino mass. This effective neutrino mass is a special 

quantum mechanical sum of all of the neutrino masses 

and is distinct from the individual neutrino masses. In 

this context, then, the search for neutrinoless double 

beta decay not only tests the fundamental law of lepton-

number conservation but also provides quantitative 

information about the absolute scale of neutrino mass, 

complementing direct neutrino mass and cosmological 

measurements. In combination with these probes, 

the absence of a signal in the ton-scale search for 

neutrinoless double beta decay would imply the 

presence of a Dirac component of the neutrino masses, 

with significant ramifications for our understanding of the 

origin of neutrino masses.

Figure 5.2: Effective average neutrino mass from neutrinoless double beta decay vs. the mass of the lightest neutrino. Current limits and expected limits 
from ongoing experiments are shown as gray and blue horizontal bands. The green (for inverted hierarchy) and red (for normal hierarchy) bands show the 
expected ranges within the light Majorana neutrino exchange mechanism. Next-generation ton-scale experiments aim to probe effective Majorana neutrino 
masses down to 15 meV, shown as the horizontal dashed line.
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Figure 5.3:  Possible timeline for the development of a ton-scale neutrinoless double beta decay experiment.

Neutrino Mass, Mixing, and Other Puzzles
Neutrino mass can be directly measured via a careful 

study of the spectrum of electrons emitted in ordinary 

beta decay. Such measurements are independent of 

the Majorana nature of the neutrino and are more direct 

than measurements inferred from studies of the cosmic 

microwave background radiation. The U.S. has joined 

Germany and three other nations to build the KATRIN 

experiment to measure the mass of the neutrino from 

the beta decay of tritium. This experiment is expected to 

be complete within the duration of this Long Range Plan. 

Although KATRIN will be sensitive to masses as small as 

0.2 eV, a factor of 10 below current limits, the mass could 

be smaller still, down to the oscillation limit of 0.02 eV 

(the smallest possible average mass of the 3 neutrino 

states). A new idea is being explored, called Project 8, 

which uses cyclotron radiation to measure the beta 

spectrum of tritium. The basic concept was successfully 

demonstrated in 2014.

The neutrino mass hierarchy is one of the key remaining 

unknowns in the neutrino sector, with important 

implications for a number of nuclear physics problems. 

Prospects for answering the open questions of the 

hierarchy and the possible violation of time-reversal 

invariance by neutrinos were dramatically advanced 

in 2012 when experiments using reactor antineutrinos 

at Chooz in France, Daya Bay in China, and Hanbit 

(RENO collaboration) in Korea measured the previously 

unknown neutrino “mixing angle” known as q
13

. A 

number of groups are proposing to use atmospheric 

neutrinos to determine the mass hierarchy, for example 

PINGU in the Antarctic ice cap, leveraging major 

U.S. investment in IceCube.

The value of the q
13

 mixing angle has also made it 

possible to complete designs for the future long-baseline 

neutrino oscillation experiments. A major U.S. initiative 

in high energy physics is DUNE, the Deep Underground 

Neutrino Experiment at the new Sanford Underground 

Research Facility in South Dakota. The expertise of 

nuclear theorists will be called on to calculate the 

interactions of neutrinos with nuclei, using input from 

several experiments focused on neutrino cross sections.

Improved knowledge of neutrino interactions is also 

needed at lower energies, for example in the regime 

of relevance for understanding of supernova neutrinos. 

Additionally, the elastic scattering of neutrinos from 

nuclei is expected to be enhanced by quantum 

mechanical interference effects, but this has never been 

seen experimentally. New experiments, CENNS and 

COHERENT, are planned to test this prediction.

Neutrinos from the sun and neutrinos produced by 

cosmic rays in the earth’s atmosphere were the key to 

the discovery of neutrino oscillations. They continue to 

provide an unparalleled resource for scientific discovery. 

Over the past decade the Borexino experiment, a 

100-ton liquid scintillation detector located in Italy’s 

Gran Sasso underground laboratory, has detected 

neutrinos from specific nuclear processes in the sun’s 

core, the pp reaction, the pep reaction, and the decay 

of 7Be, confirming for the first time explicit predictions 

“The second recommendation specifically targets 
the development and deployment of a ton-scale 
neutrino- less double beta decay experiment. 
Demonstration experiments at the scale of 100 kg 
are currently underway to identify the requirements 
and candidate technologies for a larger, next-
generation experiment, which is needed to be 
sensitive to postulated new physics. An ongoing 
NSAC subcommittee is helping to guide the 
process of the down-select, from several current 
options to one U.S.-led ton-scale experiment.” 

Since neutrinoless double beta decay 
measurements use the atomic nucleus as a 
laboratory, nuclear theory is critical in connecting 
experimental results to the underlying lepton-
number violating interactions and parameters 
through nuclear matrix elements, which account for 
the strong interactions of neutrons and protons. 
Currently, there exists about a factor of two 
uncertainty in the relevant matrix elements, but by 
the time a ton-scale experiment is ready to take 
data, we expect reduced uncertainties as a result 
of the application to this problem of improved 
methods to solve the nuclear many-body physics. 

“Construction of this flagship experiment is 
expected to require five years, with capital 
investment peaking at about $50M/year during this 
period.”
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“Since neutrinoless double beta decay measurements use the atomic nucleus as a 
laboratory, nuclear theory is critical in connecting experimental results to the 
underlying lepton-number violating interactions and parameters through nuclear 
matrix elements, which account for the strong interactions of neutrons and protons. 
Currently, there exists about a factor of two uncertainty in the relevant matrix 
elements, but by the time a ton-scale experiment is ready to take data, we expect 
reduced uncertainties as a result of the application to this problem of improved 
methods to solve the nuclear many-body physics.” 

(US perspective)  
The last NSAC Long Range Planning exercise placed an emphasis on 0ν2β-decay 
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

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

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

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

3. Nuclear matrix elements at present

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

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

3.1. Shell model

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

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .
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Experimental searches are 
often discussed in terms of 
their sensitivity to a given 
half life, accounting for 
enrichment, efficiency, 
backgrounds, 
resolution, and mass.
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What experimentally accessible nuclear-structure properties can be useful? Not quite so 
straight forward with 0v2β

0v2β

Probes all intermediate states up to 
10s of MeV, any spin, up to 5 to 6h

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:)

NMEs for 0ν2β less so

*Often considered good to 10% or better, see e.g., Sen’kov and Horoi, Phys. Rev. C 90, 051301(R) (2014)

0ν2β decay and nuclear structure

๏ Focus on the initial and final 
ground states—determine the 
arrangement of protons and 
neutron about the Fermi surface 

๏ (Same argument put forward by 
Sean Freeman in earlier talk) 

๏ Other approaches may include, 
e.g., 76Ge(18Ne,18O)76Se (see 
previous talk)
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N vs Z, valence space (aside)
Note: It appeared Juoni’s plot 
showed effective gA weaker 
where ν≠π 
… true? any connection?

ν≠π 
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ν=π 
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2.1 Theory of single-nucleon transfer reactions 32

dependence on the matrix element of the interaction. The reaction process

can be described by three stages, illustrated in Fig 2.1:

• The motion of the projectile in the potential of the target nucleus.

• The transfer of a single neutron to the target nucleus in a single-step.

• The motion of the ejectile in the potential of the target nucleus plus a

neutron.
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Figure 2.1: Illustration of a single-neutron adding transfer reaction.

A reaction A(a, b)B can be described in terms of partitions, with a tran-

sition from partition ↵ = a + A to � = b + B. The wavefuntion describing

the internal states of a partition is a product of the internal wavefunctions

for each element of the partition

 ↵(x↵) ⌘  a(xa) A(xA), (2.1)

where xi are the internal coordinates and  i are eigenfunctions of the corre-

sponding internal Hamiltonian, Hi with energies ✏i:

H↵ ↵ ⌘ (Ha +HA) )↵ = "↵ ↵, (2.2)

Ha a = "a a, HA A = "A A. (2.3)

Typically about 
10 MeV/u

Yield 
(Cross section) 

Momentum 
(Energy)

Single-nucleon transfer (observables)
Transfer reactions a few MeV/u above the Coulomb barrier 
Direct reactions
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consideration of valence occupancies difficult. For the Xe
isotopes of interest here, only the neutron-adding (d,p)
reaction has been performed on 132Xe in inverse kinematics
[17]. Given the lack of data for Xe isotopes and the difficulties
in using existing information on the Te isotopes, we carried
out a set of consistent, systematic measurements on these
targets. The relevant active orbitals between N = 50 and
N = 82 are 0g7/2, 1d, 2s1/2, and 0h11/2. States are populated
through ℓ = 4, 2, 0, and 5 transfer, respectively. To be able
to extract reliable information it is important to consider
angular-momentum matching conditions. The (d,p) and (p,d)
reactions are better matched for ℓ = 0 and 2 transfer, while the
(α,3He) and (3He,α) reactions are better matched for ℓ = 4 and
5 transfer.

The measurements were carried out at the A. W. Wright
Nuclear Structure Laboratory at Yale University in two
separate experiments. The beams were delivered by the Yale
tandem accelerator and outgoing ions analyzed by a split-pole
spectrograph. A gas-filled position-sensitive detector at the
focal plane provided particle identification through #E-E
measurements and the final momentum of the outgoing ions.
Identical approaches to several aspects of the experiments were
adopted. These include a fixed 2.8-msr aperture setting for
the spectrograph; beam current integration determined from
a Faraday cup at zero degrees; and monitoring of the beam
and targets using a Si detector at 30◦. The details of each
experiment are given below.

The Te isotopes. The first measurement concerned the
properties of the 128,130Te isotopes. The targets used were
self-supporting and of thicknesses 436 and 671 µg/cm2 for
128Te and 130Te. They were isotopically enriched to 99.2%
and 99.4%, respectively. The beam energies were chosen
to be well above the Coulomb barrier in both the entrance
and the exit channels. The (d,p) reaction was carried out at
15 MeV at angles θlab = 7◦, 18◦, 34◦, and 42◦. The (p,d)
reaction was measured at a beam energy of 23 MeV with
θlab = 5◦, 20◦, 35◦, and 42◦. The energies were chosen such
that the protons and deuterons from each reaction were at
approximately the same energy, allowing a common set of
optical-model-potential parameters to be used in the analysis.
The angles were chosen to be at the peak of the calculated
cross sections for ℓ = 0, 2, 4, and 5 transfer determined from
distorted-wave Born approximation (DWBA) calculations. For
ℓ = 0, the maximum cross section is 0◦, but 7◦ was as far
forward as practical.

For the high-ℓ states, the (α,3He) reaction was measured
at 50 MeV and angles of θlab = 5◦ and 22.5◦, and similarly
for the (3He,α) reaction at 40 MeV at 5◦ and 22.5◦ for 130Te.
The 128,130Te(p,t) reaction was also measured in the same
experiment and the results have been published in Ref. [18].
Typical beam currents of 50–100 nA for protons and 30–60 nA
for deuterons were used. For 3,4He beams, the currents were
around 10–20 pnA. To obtain absolute cross sections, the
product of the spectrograph aperture and target thickness was
calibrated using α scattering at 15 MeV at a spectrograph angle
of 20◦. Optical-model calculations show that at this energy
and angle, the α-scattering cross section is within 3% of the
Rutherford scattering cross section. Typical neutron-adding
(d,p) and (α,3He) spectra can be seen in Fig. 1. For these
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FIG. 1. Spectra from the neutron-adding (d ,p) reaction at 15 MeV
and θlab = 34◦ (a) and (α,3He) reaction at 50 MeV and θlab = 5◦ (b)
on the 130Te target. States are labeled in keV.

reactions, the Q-value resolution was approximately 30 and
70 keV at FWHM, respectively.

As with previous work [4,5], detailed angular distributions
were not sought. For Te, ℓ values were well known from pre-
vious transfer-reaction studies (e.g., [11,12]), where DWBA
calculations reliably reproduced the experimental angular
distributions, and for the Xe isotopes the ℓ values of the
low-lying states were well known from various studies such as
β decay [19]. The ratios of cross sections measured at different
angles confirmed previous assignments, as in Ref. [4].

The Xe isotopes. For the Xe isotopes, a cryogenically
cooled, solid Xe target was developed for use at the target
position of the Yale split-pole spectrograph [20]. Isotopically
enriched 130,132Xe gas (99.9% for both) was “sprayed” onto a
∼360 µg/cm2 diamond foil, where a layer froze. Diamond was
chosen because of its high thermal conductivity. The typical
thicknesses of Xe layers were from 200 to 1000 µg/cm2,
determined by scattering measurements for each freezing
process as described below. The reactions measured were
(d,p) at 15 MeV and angles θlab = 5◦, 18◦, and 29◦ along with
the (α,3He) reaction at 10◦ and 50 MeV. The (p,t) reaction
was also measured on the 132Xe target at 5◦ and 23◦ with a
proton beam energy of 23 MeV. Typically, the beam currents
were 2–10 nA for protons and deuterons and 1–3 nA for α
particles—lower than that for the Te targets—to minimize
heat deposition in the frozen Xe and reduce loss of material.
Examples of neutron-adding (d,p) and (α,3He) spectra along
with the outgoing triton spectrum for the (p,t) reaction are
shown in Fig. 2. The Q-value resolution was slightly worse
than that for the reactions on Te isotopes owing to the diamond

011302-2
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130Te(α,3He)
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Kay et al., Phys. Rev. C 79, 021301(R) (2009)
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4

spectra below about 3 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 ` = 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 ` = 2 or 1d strength in the subsequent analysis.
Common to all isotopes is that these first three states
carry ⇠80% of the proton occupancy above Z = 50. The
remaining strength is shared between 2s

1/2 and 0h
11/2

orbitals, and some additional weak fragments of 1d and
0g

7/2 strength.
The cross sections were extracted from the yields,

which were normalized to the integrated beam current
and the product of the target-thickness and the aperture.
Taking into account the sources of uncertainty discussed
in Section II, it is estimated that the systematic uncer-
tainty on the absolute cross sections, dominated by the
reliance on optical-model calculations, are .10%. The
systematic uncertainty on the relative cross sections, tar-
get to target, are estimated to be .6%. The cross sec-
tions are tabulated in the Appendix. For cross sections
larger than ⇠50 µb/sr, the uncertainty is dominated by
systematic uncertainty. Below that, the uncertainties are
governed by statistics.

A. DWBA and optical-model parameters

Figure 2 shows angular distributions for low-lying ` =
0, 2, 4, and 5 transitions in 130Te(d,3He)129Sb reaction,
where cross sections were measured at six angles. Rel-
atively good agreement is seen between the calculated
angular distributions and the experimental data. In this
case the deuteron optical-model parameters of An and
Cai [35] were used coupled with those of Becchetti and
Greenless [44] for 3He ions. Similar fits were achieved us-
ing the 3He optical model potentials of Trost et al. [42].
Poorer fits were obtained using 3He parameterizations
of Refs [40, 41, 43]. Numerous deuteron parameteri-
zations [36–38] were explored and little sensitivity was
seen. The projectile wave function used the Green’s func-
tion Monte Carlo derived parameterizations of Brida et
al. [45], and the target wave function was generated using
a Woods-Saxon potential with depth varied to reproduce
the binding energy of the transferred nucleon, a radial
parameter of r

0

= 1.25 fm, a di↵useness a = 0.65 fm,
and a spin-orbit potential characterized by V

so

= 6 MeV,
r
so0

= 1.1 fm, and a
so

= 0.65 fm.
With the high energy of the incident beam there is

good angular-momentum matching for high-` transfer.
For the first time the ` = 5 strength was seen in each
residual nucleus. For the 2s

1/2 states that were seen,
it is clear that at this high energy ` = 0 transfer is not
well-matched in angular momentum. However, there was
good agreement with the DWBA-calculated angular dis-
tribution as shown in Fig. 2. The 5.8� data lies close to
a minimum and so is not a reliable angle to extract the
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ℓ= 4, g.s.
ℓ= 2, 0.645 MeV

ℓ= 5, 2.320 MeV

ℓ= 0, 1.490 MeV

FIG. 2. (color online). Angular distributions for the out-
going 3He ions following the 130Te(d,3He)129Sb reaction at
101.2 MeV. The curves are DWBA calculations normalized
to fit the data. Examples of ` = 0 (triangles [blue online]), 2
(squares [orange]), 4 (circles [grey]), and 5 (diamonds [green])
transfer are shown. Those for ` = 0, 2, and 5 are scaled by fac-
tors of 0.1, 0.5, and 0.2, respectively. The three arrows mark
the angles at which measurements were made for the other
targets. The error bars represent the statistical uncertainty
only.

spectroscopic strength. A variation of between 20-40% in
summed 2s

1/2 strength was seen depending on whether
the 2.5 or 5.8� yields were used. The 2.5� data were used
to extract the s-state spectroscopic factors. Though the
fluctuations are larger for 2s

1/2 strength, ` = 0 only con-
tributes at most 10% to the total summed strength for
any of the targets used.

A common normalization was used to determine
the proton occupancies. For each isotope, 128,130Te,
130,132,134,136Xe, and 136,138Ba, the spectroscopic factor
was extracted for each state. The results were summed
and divided by the total proton occupancy expected
above Z = 50, namely two for the Te isotopes, four for
Xe, and six for Ba. This produced eight independent
normalization factors. Using the deuteron optical-model
parameterizations of An and Cai [35] and 3He param-
eterizations of Becchetti and Greenlees [44], these were
0.87, 0.92, 0.80, 0.84, 0.94, 0.88, 0.89, and 1.02, yield-
ing an average of 0.90 with a rms spread of 0.08 for the
targets as listed above. Similar results were obtained for
other optical-model parameterizations. A reanalysis of a
previous work [7, 46] studying the 76Ge(d,3He) reaction
at an energy of 80 MeV also resulted in a normalization
factor close to the one seen in this work. This di↵ers
somewhat from the typical values about 0.5-0.6 that one
obtains from transfer reactions on stable isotopes [46] in
the regime where the transfer reaction was carried out at

Entwisle et al., Phys. Rev. C 93, 064312 (2016)
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Spectroscopic factor: simply a measure of the 
overlap between the final state and the initial 
state plus/minus one nucleon

Distorted-wave Born Approximation, 
requires several ingredients and a 
little bit of respect!

A parameterized model
๏ >50 years experience / refinement 
๏ Parameterized (Wood-Saxon potentials, derivatives) 
๏ Lots of logical check points (e.g., parameters are consistent with those 

derived from electron scattering … radii, etc.), a wealth of nucleon 
scattering data 

๏ The spectroscopic factor is a ‘reduced cross section’ — modest 
corrections to account for kinematics and spins
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in excitation energy, as well as the spin-orbit splitting, are
ignored; both of these would have the effect of slightly
broadening the plotted distribution. In the lower part of
the figure, the strengths are binned, taking both particle and
hole strengths as positive excitations, and fit to a
Lorentzian shape. The area under this curve above
3.5-MeV excitation is 2:8% of the total, providing an
estimate of the strength that would have been missed in
the present measurement.

For neutrons, we define the normalization Nj ! S0=S,
where S0 ! !exp=!DWBA:

Nj ! ð!GþS
0
adding þ !G$S

0
removingÞ=ð2jþ 1Þ: (2)

The values of the normalization are listed in the second
column of Table I for the combined ‘ ¼ 1 strengths, since
some of the spin assignments are ambiguous. They are
consistent to a few percent, even though the occupancies
are changing for these orbits. Since the ratio of ‘ ¼ 1 and
‘ ¼ 3 cross sections depends slightly on the choice of radii
for the bound state, the normalizations for the two values
were considered separately. The sensitivity to changes in
the parameters specifying the bound state, including the
spin-orbit term, was explored, particularly that of the ratios
of DWBA cross sections for different j values. These ratios
vary slightly within the range of radii used to specify the
bound-state potential; for reasonable parameter choices,
the variation is less than about 10%. The column labeled
N‘¼3;" refers to the normalization factor for the " and
3He-induced reactions for 5=2$ states.

There is some sensitivity with different distorting poten-
tials. For ‘ ¼ 1, the normalization required to satisfy the
sum rule with the first choice parameters for the distorting
optical potentials [7,8] is 0.550(15), while it is 0.641(45)
for the Perey global potentials [10] or 0.567(36) for the
combination of the proton parameters from Ref. [7] and
deuterons from Ref. [11]. However, the relative spectro-
scopic factors derived from each of these different sets of
optical potentials are consistent within a few percent. The
various normalizations themselves are all around 0.5–0.6,
which is gratifyingly close to the quenching deduced from
ðe;e0pÞ measurements [2].

Neutron occupancies.—Using the above procedure, the
mean normalizations listed in Table I were used to obtain
the occupancies and vacancies from the neutron-removing
and neutron-adding reactions, and the results are shown in

Fig. 2 for the ‘ ¼ 1 and 3 transitions. The filling of the
orbits is evident, while the sums of these two separate
measurements remain constant across the isotopes.
The 0g9=2 orbit is somewhat problematic because these

states appear around 3-MeV excitation energy, where the
level density is relatively high and the admixture of unob-
served fragments into more complicated states is likely. No
clear ‘ ¼ 4 transitions are observed in neutron removal
from 58Ni or 60Ni, while the summed strength for adding a
g9=2 neutron changes from 6.0 in 58Ni to 9.5 in 64Ni,
suggesting that a substantial fraction of the strength is
missing, at least in the lighter Ni isotopes.
Occupancies can be extracted in two ways, either from

the neutron-removing reactions directly or from an inde-
pendent set of measurements from the vacancies obtained
using the neutron-removing reactions and the subtraction
of these from the 2jþ 1 degeneracy of the orbit. We took
the average of the two, which amounts to taking the
difference. The occupancies derived from our data are
summarized in Fig. 3 and Table II. The g9=2 occupancies
given are derived only from the removal reaction, using the
normalization obtained for the 5=2$ states from the "- and
3He-induced reactions.
Proton vacancies.—The measurements of the proton-

adding ð3He;dÞ and ð";tÞ reactions were carried out in the

TABLE I. Normalization factors for neutron transfer.

Nucleus N‘¼1 N‘¼3 N‘¼3;"

58Ni 0.527 0.528 0.518
60Ni 0.548 0.503 0.464
62Ni 0.558 0.554 0.471
64Ni 0.566 0.480 0.433
Mean 0:550' 0:015 0:517' 0:028 0:471' 0:030
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FIG. 2 (color online). The strengths for the total ‘ ¼ 1 (j ¼
1=2$ and 3=2$) and 3 (j ¼ 5=2$) spectroscopic factors for
neutron-adding and removing reactions summed according to
Eq. (1). Spectroscopic factors from neutron transfer are shown in
the upper and lower boxes, respectively. The partition between
the occupancy (blue, dark gray) from neutron removal and
vacancy (red, light gray) from neutron adding is shown.
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๏ Need a normalization 
๏ Typical uncertainty is between 

+/-0.1-0.2 nucleons 
๏ Demonstrated in many systems (groups 

of isotopes/isotones) across the chart of 
isotopes

S0 ⌘ �
exp

/�
DWBA

Nj ⌘ S0/S

Does it work? How to relate to occupancies?

same experimental run as the neutron-transfer reactions
with the same targets and apertures. The analysis was
completed with a similar consistent normalization proce-
dure for the four target nuclei. The normalizations ob-
tained, taking Z ¼ 28 to be a closed shell so that the
valence orbits are effectively vacant, were 0.63(4) and
0.51(7) for the ‘ ¼ 1 and 3 ð3He;dÞ transitions, respec-
tively, and 0.90(6) for the ‘ ¼ 3 transitions in ð!;tÞ. The
upper isospin component in the sums [12] was not mea-
sured directly but was deduced from the neutron-adding
measurements discussed above. The summed vacancies in
the four isotopes are very nearly constant at 12.0(3), and
the ratio between the different j values is very close to
expectations, as is shown in Fig. 3. The g9=2 strength is
again at higher excitation energy and apparently not fully
covered in these measurements.

Discussion.—Uncertainties in the occupancies and va-
cancies are difficult to estimate; the statistical uncertainties

are small compared to systematic effects, such as possible
missed states or the effect of multistep mechanisms con-
tributing to the reactions. As was pointed out in Ref. [3],
the model dependencies imply that the spectroscopic fac-
tors are perhaps not rigorous observables.
Empirically, however, the nucleon occupancies ex-

tracted from the measured spectroscopic factors do behave
as expected. The summed neutron occupancies of 2.0, 4.1,
5.9, and 8.3 are consistent with the expected 2, 4, 6, and 8
across the Ni isotopes. Similarly, the proton vacancies
should remain equal to 12, and the measured values of
11.7, 11.7, 12.5, and 12.4 are consistent with this. The rms
deviations with a fixed normalization procedure are a few
percent. For the neutron normalization, we have relied only
on the summed addition plus removal strengths. All the fp
neutron orbits seem to be filling more or less in parallel, but
the g9=2 is lagging behind and becomes apparent only
starting with 62Ni.
The data indicate that, even though spectroscopic factors

may not strictly be true observables, this treatment of
reaction cross sections does seem to provide a self-
consistent description of occupancies, as two independent
checks indicate. (1) The sum rules are satisfied in a con-
sistent way over a series of isotopes where the neutron
occupancies change. They are also consistent for protons
where the occupancy remains the same. (2) The difference
between neutron holes and particles changes in a way
consistent with the expected populations.
The method of extracting overlaps with single-particle

states using an internally consistent normalization proce-
dure seems to work satisfactorily. Apparently, spectro-
scopic factors do provide valuable and consistent
information on the structure of nuclei. A better understand-
ing of why this empirical treatment works rather well needs
to be clarified in terms of the approximations that are made
in the reaction theory. A more complete publication of
these data is in preparation.
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paring the isotopic Ni targets and the operating staff of the
Yale tandem. This work was supported by the U.S.
Department of Energy, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357 and Grants No. DE-
FG02-91ER40609 and DE-FG02-04ER41320; NSF Grant
No. PHY-08022648; and the U.K. Science and Technology
Facilities Council.

*schiffer@anl.gov
†Present address: Physics Department, University of York,
Heslington, York YO10 5DD, United Kingdom.
‡Present address: Department of Physics and Astronomy,
Louisiana State University, Baton Rouge, LA 70803,
USA.
§Present address: Department of Physics, University of
Notre Dame, Notre Dame, IN 46556, USA.

0

2

4

6

8

O
cc

up
an

cy

 Neutron Occupancies

p3/2

f5/2

p1/2

g9/2

58 60 62 64
0

5

10

V
ac

an
cy

 Proton Vacancies

3/2

5/2

1/2

p

f

p

A

FIG. 3 (color online). The neutron occupancies and the proton
vacancies of the four Ni isotopes as derived from the summed
(normalized) spectroscopic strengths. The dashed lines indicate
the expected values.

TABLE II. Neutron occupancies.

Nucleus 1p3=2 0f5=2 1p1=2 0g9=2 Total

58Ni 0.96 0.67 0.40 0 2.03
60Ni 1.74 1.61 0.71 0 4.06
62Ni 2.31 2.31 0.93 0.34 5.89
64Ni 3.17 3.41 1.07 0.66 8.31
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J. P. Schiffer et al., Phys. Rev. Lett. 108, 022501 (2012) [work prompted largely because of the 0ν2β-decay program]

๏ But is the normalization just arbitrary?
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E ℓ (2j+1)S’ (2j+1)S

160 1 0.44 0.82
225 4
421 2
505 2
629 1 0.15 0.28
884 2
1021 1 0.12 0.22
1048 1 0.04 0.07
1250 0
1385 2

E ℓ S’ S
0 1 0.45 0.85

191 4
248 1 0.12 0.23
317 3
457 3
575 1 1.29 2.43
651 3
885 1 0.10 0.19
1137 1 0.11 0.21
1250 3
1410 0
1451 1 0.37 0.70
1580 3

76Ge(p,d) 76Ge(d,p)

Nj ⌘ [(0.45 + 0.12 + 1.29 + 0.10 + 0.11 + 0.37) + (0.44 + 0.15 + 0.12 + 0.04)]/(2 + 4) = 0.53

Nj ⌘ [
X

S0
removing

+
X

(2j + 1)S0
adding

]/(2j + 1)

…in which cross sections becomes occupancies
Analysis—sum rules and normalization



E ℓ (2j+1)S’ (2j+1)S

160 1 0.44 0.82
225 4
421 2
505 2
629 1 0.15 0.28
884 2
1021 1 0.12 0.22
1048 1 0.04 0.07
1250 0
1385 2

E ℓ S’ S
0 1 0.45 0.85

191 4
248 1 0.12 0.23
317 3
457 3
575 1 1.29 2.43
651 3
885 1 0.10 0.19
1137 1 0.11 0.21
1250 3
1410 0
1451 1 0.37 0.70
1580 3

76Ge(p,d) 76Ge(d,p)

Nj ⌘ [(0.45 + 0.12 + 1.29 + 0.10 + 0.11 + 0.37) + (0.44 + 0.15 + 0.12 + 0.04)]/(2 + 4) = 0.53

Nj ⌘ [
X

S0
removing

+
X

(2j + 1)S0
adding

]/(2j + 1)

…in which cross sections becomes occupancies
Analysis—sum rules and normalization



Target wave function.—The potential depth was varied
to match the binding energy of the transferred nucleon for
the state in question. The radial parameters were chosen
to be consistent with the values obtained in the (e,e0p)
work of Ref. [7] with a radius parameter r0 ¼ 1:28 fm and
diffuseness a ¼ 0:65 fm, representing the average values.
The spin-orbit potential depth was Vso ¼ 6 MeV, with
rso0 ¼ 1:1 fm, and aso ¼ 0:65 fm.

Optical-model potentials.—For protons we used the
global potentials of Koning and Delaroche [10]. Similarly
for deuterons, we used the global potentials of Ref. [9], and
for 3He, the recent study of Ref. [11]. The latter was also
used for tritons, though it is less clear how appropriate it is.
For ! particles, we used the fixed potential of Ref. [25] that
was derived from theA ¼ 90mass region. Other reasonable
choices for potentials give similar results [2,4].

The values of "exp="DW were used with Eq. (1) or (2)

to obtain quenching factors Fq that are summarized in

Table I, categorized by reaction. A complete table of the
data is in the Supplemental Material [26]. The quenching
factors obtained in this analysis are also plotted in Fig. 1,

along with those from (e,e0p), as a function of mass
number. The value appears to be independent of target
mass and reaction, with a mean value of 0.55 and an rms
variation of 0.10. It is also comparable to that seen in the
(e,e0p) data. Figure 2 shows the data emphasizing that
the quenching factor is independent of the accessible ‘
value.
The uncertainties in the Fq values are difficult to esti-

mate. As noted previously (e.g., Ref. [2]), systematic
effects dominate the uncertainties including errors in
absolute cross sections, missed (or misassigned) states,
the robustness of assumed shell closures, the effects of
multistep mechanisms, and the choice of parameters in
the DWBA analysis, and indeed in the assumptions inher-
ent in DWBA. For a global average value for Fq of 0.55

we find the rms variations amongst all the individual
determinations to be 18%.
The only data that our group had obtained in the past

decade that do not fit this pattern are a measurement with
the (d,3He) reaction [27], taken at much higher energies
than the rest of the results included here, "35 MeV=u
above the Coulomb barrier instead of the "2–5 MeV=u
for the rest. The value of Fq obtained for the high energy

data set, using the global optical-model potentials adopted
in this analysis, was found to be internally consistent but
Fq # 1 instead of 0.55. We found that at the higher ener-

gies, the sensitivity to the choice of optical-model distor-
tions amongst various global parameterizations is much
larger (" 60%) than at the lower energies. For the rest of
the data represented here, the corresponding sensitivity for
all reactions was <10%, apart from the (3He,d) reaction
which is <20%. The higher energy data are therefore not
included in the present analysis. The sensitivity to parame-
ters perhaps points to problems with the parameterizations
in the global potentials for energies far above the barrier.
Gade et al. [28] plotted a ‘‘reduction factor,’’ which is

the spectroscopic factor derived from measured cross

TABLE I. Mean quenching factor by reaction type.

Reaction, ‘ transfer
Number of

determinations Fq

rms
spread

(e,e0p), all ‘ 16 0.55 0.07
(d,p), (p,d), ‘ ¼ 0–2 40 0.53 0.09
(d,p), (p,d), ‘ ¼ 0–3 46 0.53 0.10
(!,3He), (3He,!), ‘ ¼ 4–7 26 0.50 0.09
(!,3He), (3He,!), ‘ ¼ 3–7 34 0.52 0.09
(3He,d), ‘ ¼ 0–2 18 0.54 0.10
(3He,d), ‘ ¼ 0–4 26 0.54 0.09
(!,t), ‘ ¼ 4–5 14 0.64 0.04
(!,t), ‘ ¼ 3–5 18 0.64 0.04
All transfer dataa 124 0.55 0.10

aRows 3, 5, 7, and 9.
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FIG. 1 (color online). The quenching factor Fq versus target mass A. The (e,e0p) data in panel (a) are from Refs. [7,35]. The grey
band represents the mean $2" of the (e,e0p) data to guide the eye. The data in panels (b), (c), (d) are from this analysis and are
tabulated in the Supplemental Material [26]. Solid symbols are from adding and removing reactions while the empty ones are from just
adding or just removing.
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sections divided by the expected shell-model value for a
given state, versus an asymmetry parameter !S defined
as Sn ! Sp (or Sp ! Sn) for neutron knockout (or proton

knockout). !S is therefore an approximate measure of the
difference in the proton and neutron Fermi surfaces.
Results from nucleon-knockout reactions appear to show
a trend, where this quantity approaches unity for large
negative values of !S, and becomes much smaller, around
0.2, for large positive values. However, Lee et al. [29] saw
no such trend in (p,d) transfer reactions on various Ar
isotopes, though it has been suggested that the interpreta-
tion may not be definitive [30]. In the recent work of
Ref. [31], no such behavior in the reduction factor was
found in proton- and neutron-removing reactions from 14O,
probing extreme positive and negative values of !S. We
display our results plotted against the more limited range in
!S that is accessible with stable targets (about half what
can be covered with radioactive beams) in Fig. 3, where no
obvious trend is seen.

Other reaction models can be used to reduce experimen-
tal cross sections to spectroscopic overlaps, and one may
perhaps expect that, if applied consistently, they are likely
to yield similar results. For example, we used the finite-
range adiabatic wave approximation formalism of Johnson
and Tandy [32] with the code TWOFNR [33] for ‘ ¼ 1 (p,d)
and (d,p) on the Ni isotopes. The values of Fq differ by less

than 10%. We used DWBA as the most convenient
method to remove the dependence of the reaction cross
sections on energy, nucleus, angular momentum, and
reaction type.

The quenching of the single-particle mode appears to be
a quantitatively uniform property of the nuclear many-
body system from light to heavy nuclei. Correcting for
this quenching makes the measured spectroscopic factors
directly comparable to spectroscopic factors from shell-
model calculations of nuclear structure. For models where
many-body effects are taken into account, such as ab initio

calculations of nuclear structure, the correlations are
already included, and spectroscopic overlaps may be
directly compared to calculations (e.g., Ref. [34]).
In summary, we find that, at least for stable nuclei,

spectroscopic factors from single-nucleon transfer reac-
tions derived from a self-consistent analysis are quenched
with respect to the values expected from mean-field theory
by a constant factor of 0.55, with an rms spread of 0.10,
independent of whether the reaction is nucleon adding
or removing, whether a neutron or proton is transferred,
the mass of the nucleus, the reaction type, or angular-
momentum transfer.
The authors would like to thank S. C. Pieper and

L. Lapikás for helpful discussions, as well as our experi-
mental collaborators. This work was supported by the US
Department of Energy, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357, and the UK Science
and Technology Facilities Council.
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sections divided by the expected shell-model value for a
given state, versus an asymmetry parameter !S defined
as Sn ! Sp (or Sp ! Sn) for neutron knockout (or proton

knockout). !S is therefore an approximate measure of the
difference in the proton and neutron Fermi surfaces.
Results from nucleon-knockout reactions appear to show
a trend, where this quantity approaches unity for large
negative values of !S, and becomes much smaller, around
0.2, for large positive values. However, Lee et al. [29] saw
no such trend in (p,d) transfer reactions on various Ar
isotopes, though it has been suggested that the interpreta-
tion may not be definitive [30]. In the recent work of
Ref. [31], no such behavior in the reduction factor was
found in proton- and neutron-removing reactions from 14O,
probing extreme positive and negative values of !S. We
display our results plotted against the more limited range in
!S that is accessible with stable targets (about half what
can be covered with radioactive beams) in Fig. 3, where no
obvious trend is seen.

Other reaction models can be used to reduce experimen-
tal cross sections to spectroscopic overlaps, and one may
perhaps expect that, if applied consistently, they are likely
to yield similar results. For example, we used the finite-
range adiabatic wave approximation formalism of Johnson
and Tandy [32] with the code TWOFNR [33] for ‘ ¼ 1 (p,d)
and (d,p) on the Ni isotopes. The values of Fq differ by less

than 10%. We used DWBA as the most convenient
method to remove the dependence of the reaction cross
sections on energy, nucleus, angular momentum, and
reaction type.

The quenching of the single-particle mode appears to be
a quantitatively uniform property of the nuclear many-
body system from light to heavy nuclei. Correcting for
this quenching makes the measured spectroscopic factors
directly comparable to spectroscopic factors from shell-
model calculations of nuclear structure. For models where
many-body effects are taken into account, such as ab initio

calculations of nuclear structure, the correlations are
already included, and spectroscopic overlaps may be
directly compared to calculations (e.g., Ref. [34]).
In summary, we find that, at least for stable nuclei,

spectroscopic factors from single-nucleon transfer reac-
tions derived from a self-consistent analysis are quenched
with respect to the values expected from mean-field theory
by a constant factor of 0.55, with an rms spread of 0.10,
independent of whether the reaction is nucleon adding
or removing, whether a neutron or proton is transferred,
the mass of the nucleus, the reaction type, or angular-
momentum transfer.
The authors would like to thank S. C. Pieper and

L. Lapikás for helpful discussions, as well as our experi-
mental collaborators. This work was supported by the US
Department of Energy, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357, and the UK Science
and Technology Facilities Council.
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Kay et al., Phys. Rev. Lett. 111, 042502 (2013)

The normalization appears meaningful, 
a ubiquitous feature of low-lying single-
particle strength, independent of A, l, 
nucleon type, reaction 



Quenching Factor

Key points: 
• Academic in terms of change in 

occupancies 
• Arguably essential in terms of trusting the 

data 
• How does theory handle it?

“Thus at any time only 2/3 of the nucleons in 
the nucleus act as independent particles 
moving in the nuclear mean field. The 
remaining third of the nucleons are 
correlated.”*

*V. R. Pandharipande, I. Sick, P. K. A. deWitt Huberts, Rev. Mod. Phys. 69, 981 (1997) 
W. H. Dickhoff J. Phys. G: Nucl. Part. Phys. 37, 064007 (2010)
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Figure 2. Schematic illustration of the distribution of the single-particle strength in stable closed-
shell nuclei.

propagation to low-lying more complicated states. A comparison of the FRPA method with a
large-scale shell-model diagonalization in the same space further confirms the notion that in
some nuclei shell-model correlations can further reduce the spectroscopic factors of protons
by as much as 10–15% (48Ca) but in other cases and for neutrons do not generate very different
results.

The above analysis is illustrated in figure 2. The schematic level scheme illustrates
mean-field proton (or neutron) levels with the traditional occupied states, a few empty bound
single-particle states, and a continuum of scattering states that includes high-momentum states.
Several generic diagrams are indicated that have the properties to admix high-momentum
components in the ground state (top left), deplete the Fermi sea (middle), and fragment the
strength below the Fermi energy (bottom). The right column of the figure identifies where the
strength of a valence proton hole states ends up in a correlated nucleus like 208Pb. The main part

4



Quenching Factor
There are a handful of isotopes where reliable experimentally determined cross 
sections exist from numerous ‘equivalent’ probes, e.g., proton removal from 12C. 
Same physics results

Evaluated Nuclear Structure Data File (www.nndc.bnl.gov)
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Quenching Factor
๏ Tempting to conclude it is well understood 
๏ Not captured in, e.g., shell model (SM does not know of SRC) 
๏ Ab initio calculations do capture it beautifully (in light nuclei)

Lapikás, Wesseling, and Wiringa, Phys. Rev. Lett. 82, 4404 (1999)
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FIG. 2. Same as Fig. 1 but for the transition to the first
excited state. The MFT wave function is pure 1p1y2, the total
VMC wave function (circles) contains 1p and 1f (crosses)
components.

VMC wave function is appreciably larger due to the in-
clusion of short-range and tensor correlations, which are
absent in MFT. The transition to the first excited state
contains both 1p and 1f components, as shown in Fig. 2.
Here the deviation between the VMC and MFT wave func-
tion already starts at 250 MeVyc because in MFT the wave
function is purely 1p1y2, whereas the VMC overlap con-
tains four components (1p1y2, 1p3y2, 1f5y2, 1f7y2). In ad-
dition to the effect of correlations, these extra components
cause an appreciable enhancement of the VMC wave func-
tion at high momentum relative to the MFT wave function.
The experiment was performed with the 1% duty factor

electron beam from the NIKHEF medium-energy accel-
erator and the high-resolution two-spectrometer setup
in the EMIN end station [33]. The data were taken
concurrently with those for the reaction 32Sse, e0pd [1,2]
for which purpose a self-supporting disk of Li2S was
used as a target (thickness roughly 25 mgycm2). The
target could withstand maximum average currents of
6 mA when rotated continuously. The target thickness
was monitored via frequent measurements of elastic
scattering. The measurements were carried out in parallel
kinematics for an outgoing proton energy of 90 MeV.
As a result we needed two incident energies (329.7
and 454.7 MeV) to cover the missing momentum range
of 270 to 260 MeVyc. Since the beam was tuned in
dispersion matching mode [34] we could achieve an Em

resolution of 180 keV (FWHM), sufficient to separate the
discrete transitions from the two reactions.
The data analysis was performed in a standard way

described in detail elsewhere [35]. From the measured
cross sections we determined momentum distributions
by integrating over the appropriate missing-energy peak

and by dividing out Ksep , for which we used the
current-conserving expression scc1

ep of de Forest [22]. The
resulting experimental momentum distributions are shown
in Fig. 3, where only the statistical errors are shown. The
experimental systematic uncertainty on these data is 5%.
In the only earlier reported [36] study of the reaction

7Lise, e0pd6He the missing-energy resolution of 7 MeV
was insufficient to separate the two transitions presented in
this Letter. However, when corrected for the presence of
some unresolved 1s knockout strength and the difference
in ejected proton energy, their momentum distribution,
integrated over the regionEm ≠ 6 15 MeV, agrees within
error bars with that for the sum of the two transitions
studied here.
In order to compare the theoretical calculations with

the data we carried out CDWIA calculations with the
MFT and VMC wave functions as input. For the mean-
field calculations we treated the normalization, i.e., the
spectroscopic factor S, and the radius of the WS potential
(that fixes the rms radius kr2l1y2 of the wave function) as
free parameters to be determined from a least squares fit to
the data. The resulting values are listed in Table I. The
summed spectroscopic strength for 1p knockout is 0.58 6
0.05, where we have included the experimental systematic
uncertainty and the uncertainty due to the choice of the
optical potential. The observed reduction of the single-
particle strength to 58% of the MFT value (which is unity
for a single proton in the 1p shell) is in good agreement
with the reduction found for a large number of other
complex nuclei [13].

FIG. 3. Experimental momentum distributions for the transi-
tions to the ground state (circles) and first excited state (crosses)
in the reaction 7Lise, e0pd6He, compared to CDWIA calcula-
tions with MFT (solid) and VMC (dashed) wave functions.
The dot-dot-dashed curve represents the 1f contribution to the
full VMC curve for the transition to the 21 state. The error
bars on the data are statistical only. For clarity data and curves
for the ground-state transition have been scaled by 10.
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TABLE I. Spectroscopic factors (S) and rms radii deduced in the present experiment for
the transitions to the 01 and 21 states in 6He (first row). The listed errors include statistical,
systematic, and model uncertainties. The second (third) row presents the corresponding values
for the VMC calculation with 1p (1p 1 1f) wave function components.

S S S rms (fm) rms (fm)
Model 01 21 01 1 21 01 21

Expt. s1pd 0.42(4) 0.16(2) 0.58(5) 3.17(6) 3.47(9)
VMC s1pd 0.41 0.18 0.59 3.16 3.14
VMC s1p 1 1fd 0.41 0.19 0.60 3.16 3.16

Figure 3 also shows the calculated momentum distri-
butions with the VMC wave functions, which are essen-
tially parameter-free. The agreement with the data is very
good as shown in Table I where the calculated spectro-
scopic factors with these wave functions are given. The
summed strength (0.60) for both transitions agrees within
error bars perfectly with the value 0.58 6 0.05 deduced
from the MFT analysis.
The VMC rms radius for the ground-state transition

agrees with the value deduced from the MFT analysis,
showing that the calculated VMC ground-state wave
functions for 6He and 7Li have the correct shape. For
the transition to the first excited state the rms radius
of the VMC wave function is smaller than that found
in the MFT analysis. This is caused by the different
structure for both overlaps: the MFT wave function was
assumed to be pure 1p1y2, whereas the VMC wave
function contains 1p3y2, 1f5y2, and 1f7y2 components in
addition. The contributions of the 1f components, which
depend sensitively on the details of the nucleon-nucleon
interaction employed, would show up in measurements at
higher pm and could thereby serve as a further accurate
test of the VMC wave functions.
In summary, we conclude that for the first time struc-

ture calculations for a complex nucleus, based on a re-
alistic nucleon-nucleon force, have been performed and
compared to (new) experimental data for the reaction
7Lise, e0pd. The calculated spectroscopic strength (0.60)
explains the reduction of the strength to 0.58 6 0.05
found in a MFT analysis of the data, while the calcu-
lated shape of the momentum distributions for 1p transi-
tions nearly coincides with the experimental data. Thus
we have confirmed the necessity of including full correla-
tions in the nuclear wave functions.
We thank Dr. G. van der Steenhoven for a helpful

discussion. This work is part of the research program
of the Foundation for Fundamental Research of Matter
(FOM), which is financially supported by the Netherlands’
Organisation for Advancement of Pure Research (NWO).
The work of R. B.W. is supported by the U.S. Department
of Energy, Nuclear Physics Division, under Contract
No. W-31-109-ENG-38.
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Quenching Factor (a few other comments)
๏ No obvious change with neutron excess (np dominates) or binding 

energy (at least near stability)

๏ Note, there are very good 
(e,e’p) and (e,e’n) data on 48Ca 

๏ Arguably not necessary to 
explore (e,e’p) [no obvious 
facilities] … results agree with 
nucleon transfer

๏ Does it relate to quenching of gA? Not obvious, but likely in the 
sense that there is missing physics / model space in calculations

/ http://www.sciencemag.org/content/early/recent / 16 October 2014 / Page 7 / 10.1126/science.1256785 
 

 
 

Fig. 3. The extracted fractions of np (top) and pp 
(bottom) SRC pairs from the sum of pp and np pairs in 
nuclei. The green and yellow bands reflect 68% and 95% 
confidence levels, respectively (9). np-SRC pairs dominate 
over pp-SRC pairs in all measured nuclei. 

Fig. 2. Illustration of the CLAS detector with a reconstructed two-proton knockout event. For clarity, not all CLAS 
detectors and sectors are shown. The inset shows the reaction in which an incident electron scatters from a proton-proton pair 
via the exchange of a virtual photon. The human figure is shown for scale. 

O. Hen et al. Science 346, 614 (2014) 
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0ν2β

Isotope 0f5/2 1p1/2,3/2 0g9/2 Sum Expect

74Ge 1.8 1.1 4.3 7.2 8

76Ge 1.4 1.1 3.5 6.0 6

76Se 2.2 1.6 4.2 8.0 8

78Se 2.3 0.9 2.8 6.1 6

Isotope 0f5/2 1p1/2,3/2 0g9/2 Sum Expect

74Ge 1.89 1.52 0.37 3.78 4

76Ge 1.75 2.04 0.23 4.02 4

76Se 2.09 3.17 0.86 6.12 6

78Se 2.35 1.82 2.05 6.22 6

Occupancies for 76Ge, 76Se
Already well known by MEDEX13 …
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Te-130 ➞ Xe-130
Have to overcome the obstacles of having a gaseous target: 

๏ Neutron transfer using a ‘frozen’ Xe target  ☜ Yale’s WSNL 
๏ Proton transfer using a Xe gas target ☜ RCNP Osaka
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TABLE I. Proton occupancies deduced in this work.

Isotope 0g7/2 1d 2s1/2 0h11/2 Total Expected

128Te 1.13(9) 0.33(3) 0.012(10) 0.41(4) 1.87(10) 2
130Te 1.32(10) 0.32(3) 0.011(10) 0.24(3) 1.89(11) 2
130Xe 2.37(20) 1.00(11) 0.21(2) 0.37(3) 3.95(24) 4
132Xe 2.60(10) 0.94(5) 0.13(2) 0.41(4) 4.07(12) 4
134Xe 3.14(10) 0.71(4) 0.022(10) 0.37(4) 4.24(12) 4
136Xe 2.93(10) 0.52(3) 0.057(6) 0.40(4) 3.91(11) 4
136Ba 3.86(10) 1.29(8) 0.20(2) 0.62(6) 5.97(14) 6
138Ba 4.38(10) 1.15(8) 0.050(16) 0.59(7) 6.17(15) 6
130Xe – 130Te 1.05(23) 0.68(12) 0.20(2) 0.13(4) 2.06(26) 2
136Ba – 136Xe 0.93(14) 0.77(9) 0.14(2) 0.22(7) 2.06(18) 2

by ℓ = 5 strength; the uncertainties for this strength are larger
as a result.

To estimate the uncertainties from the optical-model param-
eters, the analysis was done with four different combinations
of optical-model parametrizations and using different combi-
nations of angles. The rms deviation on the summed strengths
the four different analyses, carried out on all eight isotopes,
was around 0.05–0.1 nucleons for each orbital. Further, using a
single normalization, the total summed strengths are all within
a few tenths of a nucleon, or <10%, of the number of protons
above Z = 50, being 2, 4, and 6 for the Te, Xe, and Ba isotopes.
It is difficult to state an uncertainty that can be applied to all
the derived occupancies as there are some correlations in the
extraction of the occupancies using different parametrizations
and the common normalization procedure. Taking into account
the evidence provided above, the uncertainty on the summed
strength of any given orbital is estimated to be !0.1 nucleons.
The uncertainties quoted in Table I reflect a combination of
systematic and statistical uncertainties. For weak transitions,
where multistep reactions become important, the spectroscopic
factors have larger uncertainties (see, for example, Fig. 9 in
Ref. [46]). For transitions with cross sections weaker than
0.1 mb/sr, an additional uncertainty of ±0.01 nucleons is

added in quadrature. An additional ±0.1 nucleons is added
in quadrature to the uncertainties of the lowest lying ℓ = 2
and 4 strength in 130Xe due to the ground-state doublet.

C. Comparison with other work

There are few previous measurements with which to
compare our results. The work of Auble et al. [24] reports
on the (d,3He) reaction at 34 MeV and Conjeaud et al. [25] on
the (t,α) reaction at 12 MeV, both on 128,130Te. Their results
are in qualitative agreement with the current work in terms of
the low-lying ℓ = 2 and 4 strength. Neither observed ℓ = 5
strength. Further, in the case of ℓ = 4 transfer to the ground
state via (d,3He) at 34 MeV, the cross sections were very small,
around 50–100 µb/sr, suggesting that the angular-momentum
matching was not ideal and that the analyses in both cases was
done using local and zero-range DWBA calculations and with
less refined global optical-model parametrizations.

IV. DISCUSSION AND THEORY

The present results on proton occupancies, along with
previous work probing the neutron vacancies [22] of 130Te
and 130Xe, completes a description of the ground-state valence

FIG. 3. Ground-state proton occupancies beyond Z = 50 for 128,130Te, 130,132,134,136Xe, and 136,138Ba as derived from the experimentally
determined cross sections. The uncertainties, discussed in the text, are estimated to be approximately ±0.1 nucleons for each orbital.

064312-5

Extracted occupancies by demanding the sums of the 0g7/2, 1d, 2s1/2, and 
0h11/2 strength equal 2, 4, and 6 for Te, Xe, and Ba, respectively. Numbers 
here represented a common normalization [=0.60(3)] applied to all. 

seem familiar? 

Proton Occupancies above Z = 50
Recent results

J. P. Entwisle et al., Phys. Rev. C 93, 064312 (2016)
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TABLE I. Proton occupancies deduced in this work.

Isotope 0g7/2 1d 2s1/2 0h11/2 Total Expected

128Te 1.13(9) 0.33(3) 0.012(10) 0.41(4) 1.87(10) 2
130Te 1.32(10) 0.32(3) 0.011(10) 0.24(3) 1.89(11) 2
130Xe 2.37(20) 1.00(11) 0.21(2) 0.37(3) 3.95(24) 4
132Xe 2.60(10) 0.94(5) 0.13(2) 0.41(4) 4.07(12) 4
134Xe 3.14(10) 0.71(4) 0.022(10) 0.37(4) 4.24(12) 4
136Xe 2.93(10) 0.52(3) 0.057(6) 0.40(4) 3.91(11) 4
136Ba 3.86(10) 1.29(8) 0.20(2) 0.62(6) 5.97(14) 6
138Ba 4.38(10) 1.15(8) 0.050(16) 0.59(7) 6.17(15) 6
130Xe – 130Te 1.05(23) 0.68(12) 0.20(2) 0.13(4) 2.06(26) 2
136Ba – 136Xe 0.93(14) 0.77(9) 0.14(2) 0.22(7) 2.06(18) 2

by ℓ = 5 strength; the uncertainties for this strength are larger
as a result.

To estimate the uncertainties from the optical-model param-
eters, the analysis was done with four different combinations
of optical-model parametrizations and using different combi-
nations of angles. The rms deviation on the summed strengths
the four different analyses, carried out on all eight isotopes,
was around 0.05–0.1 nucleons for each orbital. Further, using a
single normalization, the total summed strengths are all within
a few tenths of a nucleon, or <10%, of the number of protons
above Z = 50, being 2, 4, and 6 for the Te, Xe, and Ba isotopes.
It is difficult to state an uncertainty that can be applied to all
the derived occupancies as there are some correlations in the
extraction of the occupancies using different parametrizations
and the common normalization procedure. Taking into account
the evidence provided above, the uncertainty on the summed
strength of any given orbital is estimated to be !0.1 nucleons.
The uncertainties quoted in Table I reflect a combination of
systematic and statistical uncertainties. For weak transitions,
where multistep reactions become important, the spectroscopic
factors have larger uncertainties (see, for example, Fig. 9 in
Ref. [46]). For transitions with cross sections weaker than
0.1 mb/sr, an additional uncertainty of ±0.01 nucleons is

added in quadrature. An additional ±0.1 nucleons is added
in quadrature to the uncertainties of the lowest lying ℓ = 2
and 4 strength in 130Xe due to the ground-state doublet.

C. Comparison with other work

There are few previous measurements with which to
compare our results. The work of Auble et al. [24] reports
on the (d,3He) reaction at 34 MeV and Conjeaud et al. [25] on
the (t,α) reaction at 12 MeV, both on 128,130Te. Their results
are in qualitative agreement with the current work in terms of
the low-lying ℓ = 2 and 4 strength. Neither observed ℓ = 5
strength. Further, in the case of ℓ = 4 transfer to the ground
state via (d,3He) at 34 MeV, the cross sections were very small,
around 50–100 µb/sr, suggesting that the angular-momentum
matching was not ideal and that the analyses in both cases was
done using local and zero-range DWBA calculations and with
less refined global optical-model parametrizations.

IV. DISCUSSION AND THEORY

The present results on proton occupancies, along with
previous work probing the neutron vacancies [22] of 130Te
and 130Xe, completes a description of the ground-state valence

FIG. 3. Ground-state proton occupancies beyond Z = 50 for 128,130Te, 130,132,134,136Xe, and 136,138Ba as derived from the experimentally
determined cross sections. The uncertainties, discussed in the text, are estimated to be approximately ±0.1 nucleons for each orbital.
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FIG. 4. The bar charts to the left show the change in nucleon occupancies between the ground states for the 0ν2β-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 0ν2β-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 0ν2β-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 π0g7/2 and π1d orbitals,
with the latter presumably being mostly the πd5/2 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 π1d orbital, with corresponding underesti-
mate in the change of the π0g7/2 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

064312-6

Yale	data	
(from	previous	exp.)

RCNP	data

J. P. Entwisle et al., Phys. Rev. C 93, 064312 (2016) [protons] 
B. P. Kay et al., Phys. Rev. C 87, 011302(R) (2013) [neutrons] 
A. Neacsu and M. Horoi, Phys. Rev. C 91, 024309 (2015) [SM1] 
J. Menéndez et al., Nucl. Phys. A 818, 139 (2009) [SM2] 
J. Kotila and J. Barea, Phys. Rev. C 94, 034320 (2016) [IBM] 
J. Suhonen and O. Civitarese, Nucl. Phys. A 847, 207 (2010) [QRPA]
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TABLE I. Neutron vacancies from this analysis.

Isotope ⌫0g7/2 ⌫1d ⌫2s1/2 ⌫0h11/2 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

a The 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.
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FIG. 3. (color online). The change in proton (top) and neutron (bottom) occupancies in the 0⌫2� decay of 136Xe in the
bar charts. The proton data are from Ref. [8] and the neutron data from the present work. The three di↵erent 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.

the uncertainties. It is, however, included. This then
makes Nj = (6.02 + 0.94)/12 = 0.58. This value of nor-
malization is consistent with other works [48]. Applying
this yields a vacancy (occupancy) for the ⌫0h

11/2 orbital
of 1.68 (10.32). The remaining 2 � 1.68 = 0.32 nucle-
ons must be ⌫2s

1/2 and ⌫1d (probably 1d
3/2) strength

(see comments on the ⌫0g
7/2 below). The ratio between

the 1d and 2s components was taken from the ✓
lab

= 5.9�

(d,p) data—this angle chosen over the 10.9� data to avoid
the sharp minimum in the ` = 0 angular distribution,
which is poorly described by DWBA. This procedure was
also carried out for 134Ba, and with numerous di↵erent
parameterizations in the DWBA calculations. The rms

spread with di↵erent parameterizations is included in the
estimate of the uncertainties.

The ⌫0g
7/2 vacancy is very small. We set an upper

limit in this work of 0.15 nucleons, which is both com-
mensurate with the sensitivity to this strength in our
previous work [7] and to the uncertainties in the present
work. A 7/2+ state at 2.53 MeV in 137Ba has been re-
ported in the (p,d) study of Ref. [19], however, it was not
seen in the (p,d)-reaction studies of Refs. [21, 22], and was
surmised to be a weak ` = 2 state which would account
for its relatively weak population in the (3He,↵)-reaction
study of Ref. [22]. In the present work, it is weakly pop-
ulated at a level of <10 µb/sr, an order of magnitude

RCNP	data

Orsay	data
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J. Kotila and J. Barea, Phys. Rev. C 94, 034320 (2016) [IBM]
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TABLE I. Neutron vacancies from this analysis.

Isotope ⌫0g7/2 ⌫1d ⌫2s1/2 ⌫0h11/2 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

a The 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.
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FIG. 3. (color online). The change in proton (top) and neutron (bottom) occupancies in the 0⌫2� decay of 136Xe in the
bar charts. The proton data are from Ref. [8] and the neutron data from the present work. The three di↵erent 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.

the uncertainties. It is, however, included. This then
makes Nj = (6.02 + 0.94)/12 = 0.58. This value of nor-
malization is consistent with other works [48]. Applying
this yields a vacancy (occupancy) for the ⌫0h

11/2 orbital
of 1.68 (10.32). The remaining 2 � 1.68 = 0.32 nucle-
ons must be ⌫2s

1/2 and ⌫1d (probably 1d
3/2) strength

(see comments on the ⌫0g
7/2 below). The ratio between

the 1d and 2s components was taken from the ✓
lab

= 5.9�

(d,p) data—this angle chosen over the 10.9� data to avoid
the sharp minimum in the ` = 0 angular distribution,
which is poorly described by DWBA. This procedure was
also carried out for 134Ba, and with numerous di↵erent
parameterizations in the DWBA calculations. The rms

spread with di↵erent parameterizations is included in the
estimate of the uncertainties.

The ⌫0g
7/2 vacancy is very small. We set an upper

limit in this work of 0.15 nucleons, which is both com-
mensurate with the sensitivity to this strength in our
previous work [7] and to the uncertainties in the present
work. A 7/2+ state at 2.53 MeV in 137Ba has been re-
ported in the (p,d) study of Ref. [19], however, it was not
seen in the (p,d)-reaction studies of Refs. [21, 22], and was
surmised to be a weak ` = 2 state which would account
for its relatively weak population in the (3He,↵)-reaction
study of Ref. [22]. In the present work, it is weakly pop-
ulated at a level of <10 µb/sr, an order of magnitude

136Xe → 136Ba

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 0ν2β-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 0ν2β-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 0ν2β-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 π0g7/2 and π1d orbitals,
with the latter presumably being mostly the πd5/2 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 π1d orbital, with corresponding underesti-
mate in the change of the π0g7/2 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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There are numerous substantial disagreements, some concerns (while the NME 
might be relatively insensitive to the the occupancies, should be correct?)

76Ge → 76Se 130Te → 130Xe
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Figure 3. The evolution of the NME’s of the A=76 decay when the ISM and QRPA calculations
are modified so as to reproduce the experimental occupancies

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
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Modified figure from Menéndez, Poves, Caurier, Nowacki, J. Phys.: Conf. Ser. 312, 072005 (2011)

Yes, some. Though 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.
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FIG. 6. (Color online) The contribution of the initial neutron
orbits (combination n,n′) (along the y axis) plotted against the
analogous combinations p, p′ (along the x axis) of the final proton
orbits. The entries are again normalized to unity. For notation along
the axes, see text.

considerably more than the orbits further away from the
Fermi level, even though the f7/2 and g7/2 give non-negligible
contributions.

In order to better visualize which combinations of neutron
and proton orbits contribute one could, in principle, isolate in
Eq. (13) the pieces corresponding to the combination n,n′ of
neutron orbits from which the neutrons disappear in the initial
nucleus and plot them against the combination p, p′ of proton
orbits in which the protons appear in the final nucleus. Such
a plot, however, would be difficult to visualize since it would
represent a 81 × 81 matrix even with our minimal space of
nine orbits. Instead, we consider just the three valence orbits
p (representing both p1/2 and p3/2), f5/2 and g9/2, and lump
all the other orbits further removed from the Fermi level into
one combination r (for remote). This allows us to reduce the
dimension of the matrix and the corresponding plot to 10 × 10,
shown in Fig. 6. Again the entries are normalized so that their
sum is unity, and the labels along the x and y axes are arranged
in such a way that most of the negative entries are in the front
(total, naturally, again −1.97) and most of the positive entries
are near the far corner, in order to enhance visibility.

In Fig. 6 the contribution of the r nonvalence remote orbits
is sizable, and for the negative entries, in fact, dominating.
However, the positive and negative contributions from combi-
nations that include the r orbits cancel each other to a large
extent (positive contributions total 1.29 and negative ones

−1.45) so that the net effect on M0ν of the remote orbits
is only ∼15%.

However, in QRPA and its generalizations the inclusion of
orbits of at least two oscillator shells, i.e. the set that obeys the
full Ikeda sum rule, is essential. Without it, the description of
the 2νββ decay is impossible with a reasonable value of the
effective particle-particle coupling constant gpp.

VII. CONCLUSION

The occupancies of valence neutron and proton orbits,
determined experimentally in Refs. [5,6], represent important
constraints for nuclear models used in the evaluation of the
0νββ nuclear matrix element. In the present work we have
modified the input mean field in such a way that the valence
orbits in the model obey these constraints. Within QRPA
and its generalizations we found that it is important to also
choose the variant of the basic method that makes such
comparison meaningful by conserving the average particle
number in the correlated ground state. When following this
procedure, but otherwise keeping the same steps as in our
previous evaluation of M0ν within QRPA, we find that for
the 76Ge → 76Se transition the matrix element is smaller by
∼25%, reducing the previously bothersome difference with
the shell model prediction noticeably. Moreover, when we
assume that analogous changes in the mean field should be
applied also to the 82Se → 82Kr 0νββ decay, that differs
from the 76Ge decay by only two additional protons and four
additional neutrons, we find similar reduction in M0ν as well.
Clearly, having the experimental orbit occupancies available,
and adjusting the input to fulfill the corresponding constraint,
makes a difference. It would be very useful to have similar
constraints available also in other systems, in particular for
130Te and/or 136Xe.
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