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We used a high-resolution magnetic spectrograph to study neutron pair-correlated 0% states in 136Ba,
produced via the 138Ba(p, t) reaction. In conjunction with state-of-the-art shell model calculations, these
data benchmark part of the dominant Gamow-Teller component of the nuclear matrix element (NME) for
136Xe neutrinoless double beta (OvAg) decay. We demonstrate for the first time an evaluation of part of
a 0vBp decay NME by use of an experimental observable, presenting a new avenue of approach for more

accurate calculations of Ov3g decay matrix elements.
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The massive nature of neutrinos leads to a violation of the ys
invariance [1] for weak interactions. Consequently, there is sub-
stantial interest worldwide [2-4] to search for standard-model-
forbidden neutrinoless double beta (OvpBB) decays, that violate
lepton number conservation by 2 units. The observation of such
decays would prove that the electron neutrino (ve) is a Majo-
rana fermion, and therefore indistinguishable from its antiparti-
cle (Ve). This is consistent with most theories beyond the Stan-
dard Model [5], that attribute the smallness of neutrino masses
to a violation of total lepton number at an energy scale of ~
101> GeV [3,5].
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If the mechanism driving a OvB8 decay is via the exchange of
a light left-handed Majorana neutrino, then the decay amplitude is
proportional to

MeeM®” = | |Ugjl%e™im | M, (1)
J

where me, is the effective Majorana mass of the electron neutrino

and M% is the nuclear matrix element (NME) for the decay. The

NME is expressed as the sum of Gamow-Teller (GT), Fermi (F) and

Tensor (T) components
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Table 1
Some recent evaluations of the NME for '36Xe 0vA8 decay using
different theoretical approaches.®.

Method MOV
Deformed WS-QRPA (Jilin-Tiibingen-Bratislava) [20] 111
PnQRPA (Jyviskyld) [21] 291
Deformed Skyrme-HFB-QRPA (Chapel Hill) [22] 1.55
Spherical QRPA (Bratislava-Tiibingen-CalTech) [23] 2.46
ISM (Strasbourg-Madrid) [24] 219
ISM (Michigan) [12] 1.46
CDFT [25] 4.24
NREDF [26] 477
IBM-2 [27] 3.05
GCM [28] 2.35

2 These results are for light Majorana neutrino exchange, with
an unquenched value for the weak axial-vector coupling constant

&a-

where the Gamow-Teller contribution is the dominant term. In
Eq. (1), the U, are elements of the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) neutrino mixing matrix [6,7], the m;’s are the light
neutrino masses and the «;’s are phases in the mixing matrix. For
the special case of three-neutrino mixing, the PMNS matrix is pa-
rameterized in terms of three mixing angles and one Dirac and two
Majorana CP-violating phases [2]. It is evident from Eq. (1) that
in addition to the observation of a OvBB decay process, it is also
equally important to determine its half-life, which would establish
the absolute neutrino mass scale. Furthermore, such a measure-
ment also has the potential to identify the correct neutrino mass
spectrum [8] and find extra sources of CP-violation in the leptonic
sector [9]. However, achieving the above (or placing stringent con-
straints on any new physics) requires an accurate evaluation of
the NME for the decay. This has been at the forefront of nuclear
physics research in recent times, with several approaches being
used to calculate the NMEs for OvB8 decay candidates [10,11]. De-
pending on the method used, the calculations for specific isotopes
disagree with one another, differing by factors of three or more
in many cases [10,11]. These discrepancies result in large uncer-
tainties for the NMEs, which not only limit the physics that can
be addressed, but also the planning and execution of future OvA38
decay experiments [11]. In contrast, the NMEs for the rare (yet
standard-model-allowed) two-neutrino double beta (2v88) decays
can be extracted directly from measured half-lives. These and other
experimentally derived spectroscopic information have played a
critical role in constraining various NME calculations [12-17].

One of the most promising candidates for observing Ov38 de-

cays is 13Xe P 13684, 1ts 2v BB decay half-life is much longer than
most other cases [18]. As a result, the ratio of the Ov38 decay sig-
nal to the irreducible 2v A8 decay background in the vicinity of the
decay endpoint energy is expected to be larger for this particular
case. In fact, a highly sensitive search for OvgS decays was re-
cently reported for 136Xe by the KamLAND-Zen collaboration [19],
who placed the most stringent upper limits to date on the effec-
tive neutrino mass, with me, < 61 — 165 meV, depending on the
choice of NME used.

We list some recent evaluations of M9 for 136Xe B8 decay
in Table 1. While some of these results are in reasonable agree-
ment with each other, there still exist large discrepancies in the
calculated values, depending on the method used. Needless to say,
this is a pressing issue as future 136Xe OvBB decay experiments
aim to improve their sensitivity by at least one order of magni-
tude [29]. Additionally, next generation experiments also intend to
use the method of barium ion tagging [30] in xenon time projec-
tion chambers (TPCs). This technique has the potential to reduce
room background contributions to insignificant levels, which un-
doubtedly would further enhance the sensitivity of 136Xe 0vpg
decay experiments over other experimental searches.

Finally, it is expected that due to these advantages, future 136Xe
BB decay experiments would also place the tightest constraints on
possible CP-violating Majorana phases in the PMNS matrix [31].
The phases in the neutrino mixing matrix are potential leptogen-
esis parameters that may explain the observed baryon asymmetry
in the universe [32-34].

Due to the several reasons listed above, the OvBB decay of
136Xe presents a compelling case to address the accuracy in its
calculated NME. Two methods that have been traditionally used
to calculate OvgB decay NMEs are the interacting shell model
(ISM) and the quasiparticle random phase approximation (QRPA).
Unlike the latter, the shell model calculations use a limited config-
uration space that is comprised of relatively fewer single-particle
states in the vicinity of the Fermi surface. Despite this restriction,
large-scale ISM calculations allow arbitrarily complex correlations
between the valence nucleons. On the other hand, the QRPA calcu-
lations make use of a much larger model space with comparatively
simpler configurations. In general, the ISM calculations are known
to yield smaller values of M%), compared to the QRPA [2,11].
This discrepancy has been attributed to different approaches in
treating the pairing (or seniority) structure of the nuclear wave-
functions [24,35]. For the most part, previous QRPA calculations
assumed spherical ground states for the parent and daughter nu-
clei, wherein the pairing correlations between like nucleons were
taken into account using the Bardeen-Cooper-Schrieffer (BCS) ap-
proximation [2,11]. It was only recently that deformed QRPA NME
calculations were performed for OvB8 decays [20,22], whose re-
sults for 136Xe are listed in Table 1. Compared to the spherical
QRPA [21], the deformed calculations yield smaller values for the
NME, and are in reasonable agreement with the ISM results. The
authors of Refs. [20,22] point out that the suppression of the NME
in their calculations is mainly due to differences in the pairing
content of the initial and final mean fields. Unlike the spherical
QRPA, the deformed calculations accounted for the sharp neutron
Fermi surface in 135Xe due to the neutron number N = 82 shell
closure. This curtails the overlap between the BCS wavefunctions
and leads to a significant reduction in the calculated NMEs [20,22].
The calculations also suggest that the NME can be even more sup-
pressed if the parent and daughter nuclei have different deforma-
tions. Such a scenario will either further reduce [20,22] the QRPA
overlap factors mentioned above or result in a similar seniority
mismatch between the ISM wavefunctions, due to high-seniority’
components introduced by the deformation. In comparison, the
NME calculations using other many-body approaches such as the
non-relativistic energy density functional (NREDF) theory, covari-
ant density functional theory (CDFT), the interacting boson model
(IBM-2) or the generator coordinate method (GCM), predict higher
values for the NME (Table 1). It has been suggested that these val-
ues are most likely overestimated, because of the omission of both
collective as well as non-collective correlations, depending on the
calculation [11,28,36,37].

In light of the above, precise experimental information elu-
cidating the properties of 136Xe and 3®Ba nuclei are crucial to
benchmark the NME calculations and further reduce their model
dependence. Indeed, differences in the valence nucleon occupan-
cies for these nuclei were recently determined using one nucleon
transfer reactions [38,39]. Furthermore, the ground state of 136Ba
is not expected to have a nearly spherical structure as 36Xe or
138Ba. The even barium isotopes in the N < 82 region are known
to be transitional, displaying a structural evolution from spherical
to y-soft behavior with decreasing neutron number [40-42]. In
this Letter we discuss neutron pairing correlations in 13°Ba, stud-

T The seniority quantum number labels the number of unpaired nucleon states in
a nucleus [24,35].
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Fig. 1. Excitation energy spectrum in '3Ba obtained at 6},, = 25°. Previously known
07" states are marked with asterisks, while the new 0% states observed in this work
are shown with filled triangles.

ied with the 38Ba(p, t) reaction. The experiment was performed
at the Maier-Leibnitz-Laboratorium (MLL) in Garching, Germany,
where a 1.5 pA, 23 MeV proton beam from the MLL tandem accel-
erator was incident onto a 40 pg/cm? thick, 99.9% isotopically en-
riched 138Ba0 target, that was evaporated on a 30 pg/cm? carbon
backing. The light reaction ejectiles were momentum analyzed us-
ing the high-resolution Q3D magnetic spectrograph [43,44], whose
solid angle acceptance ranged from 2.3 — 14.6 msr during various
stages of the experiment. The detector placed at the focal plane of
the Q3D spectrograph consisted of two gas proportional counters
and one 7-mm-thick plastic scintillator [44]. A cathode strip foil
in the second proportional counter provided position information
(with a resolution of ~ 0.1 mm), while the energy losses in the gas
counters and the residual energy deposited in the scintillator al-
lowed for particle identification. The integrated beam intensity was
determined using a Faraday cup that was placed at 0° to the beam,
and connected to a Brookhaven Instruments Corporation (BIC) cur-
rent integrator.

For our measurements, we obtained triton angular distributions
using four magnetic field settings and at ten spectrograph angle
settings, ranging from 6),, = 5° to 50°. Fig. 1 shows sample triton
spectra obtained from this experiment, where we observe states in
136B3 up to ~ 4.6 MeV in excitation energy. The energy resolution
of the triton peaks were found to be < 10 keV. We also took ad-
ditional 138Ba(p, p) elastic scattering data over an angular range
of B = 15° to 115°, in 5° steps. These data were used to de-
termine both the effective areal density of the 138Ba target nuclei,
as well as the appropriate global optical model potential (OMP)
parameters for the incoming '3®Ba + p reaction channel [45-49].
The latter were used in a zero-range distorted wave Born approx-
imation (DWBA) analysis of our data, for which we first used the
DWUCK4 code [50] with Woods-Saxon potentials. As shown in
Fig. 2, based on a comparison of various DWBA calculations with
our elastic scattering measurements, we chose the global proton
OMP parameters recommended by Varner et al. [49] for the in-
coming (proton) channel. For the outgoing 36Ba + t channel we
used the OMP parameters provided by Li et al. [51], as they gave
the best agreement with our measured triton angular distribution
for the ground state in '36Ba (cf. Fig. 3). The transfer form factor
was calculated assuming a single-step pick up of a di-neutron in a
singlet relative s-state. For the core-2n coupling we used the global

5 Ref. [45]
08¢ Ref. [46]
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Fig. 2. Measured '3¥Ba(p, p) angular distribution from this work (expressed in terms
of ratio to the Rutherford cross sections) compared to various DWBA predictions
based on different global OMP parameters.
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Fig. 3. Angular distributions of 0 states identified in this work. The solid curves
are normalized DWUCK4 DWBA predictions for L =0 transfer, assuming a (Oh11/2)2
configuration [39] for the form factor. The newly identified 0 states observed in
this work are labeled in red.

OMP from Ref. [52], whose well depth was adjusted to reproduce
the binding energy of each neutron [53].

The above approach was used to perform a comprehensive
analysis of the angular distributions for all the triton peaks shown
in Fig. 1. We defer a detailed discussion on the analysis to a forth-
coming article [54]. In this Letter we only focus on the L =0 an-
gular distributions, which are critical for studying pair-correlated
states in even-even nuclei. Our measured angular distributions
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Table 2
Measured cross sections at 6,5 = 5° and relative (p,t)
strengths obtained from the data shown in Fig. 3.

Ex (do /dQ2)se €

[keV] [mb/sr] [%]

0 217(12) 100.0
1579 0.071(4) 5.1(7)
2315 0.17(1) 15.2(19)
2784 0.148(8) 14.6(17)
2977 0.0046(6) 0.65(9)
3279 0.041(2) 3.33)
3427 0.0082(8) 1.1(1)
3921 0.0096(8) 2.203)
4147 0.018(1) 5.4(7)
4344 0.0055(6) 1.8(3)
4444 0.0075(7) 3.2(4)
45342 0.6(3)
Integrated L =0 strength > € =5303)%

relative to the ground state

4 We could not determine the cross section for the
4534 keV state at low angles due to the presence of a
kinematically broadened light-ion contaminant peak in
the region.

identify eight new 0% states in 13%Ba [55].> These results are
shown in Fig. 3, together with normalized DWBA cross sections.
The data show reasonable agreement with DWUCK4 predictions,
except for the well-established 02+ state at 1579 keV [55], where
the first minimum occurs at approximately twice the predicted
value. This is because of an inherent shortcoming of the DWUCK4
calculations. For example, the calculations ignore multi-step pro-
cesses and interference from different configurations to the pair
transfer amplitude, which can alter the shape of the angular distri-
bution. In Table 2 we list the measured absolute cross sections for
these states at 6j,, = 5°, in addition to the L =0 transfer strengths
to the excited 0T states relative to the ground state, denoted by ¢;.
The latter were determined for each excited state by the product

data DWBA
(4) e, | | ()
€ = dQ 0tex e G.S. (3)
r= do \DWBA data ’
(#) (#)
42 Jotex i a2 Jgs.

which was obtained by normalizing the DWBA calculations to the
data at forward angles (where the DWBA is best satisfied) for each
plot in Fig. 3 and then taking the ratio of the normalization fac-
tor for the Oj state to the ground state normalization factor. This
effectively removes the Q -value dependence and other kinematic
effects in determining the relative (p,t) strengths.

Our results in Fig. 3 and Table 2 show that in addition to a
number of hitherto unknown 0% states in '36Ba, we observe a
large fragmentation of the L =0, (p,t) strength to these states,
with ~ 30% of the ground state strength concentrated at 2.3 and
2.8 MeV. This manifestly indicates a breakdown of the BCS ap-
proximation for neutrons in 3®Ba [13]. While a similarly large
breakdown was not observed in the 128-134Ba isotopes [42,56,57],
such a departure from superfluid behavior in a shape transitional
region, particularly around closed shell nuclei, should not be un-
expected [13,58]. Our results also indicate that the ground state
wavefunctions of 13%:136Ba could be largely dissimilar due to the
‘non-spherical’ nature of the latter. Additionally, the data also
present evidence of a small pairing gap in '®Ba, that could oc-
cur due to vibrational modes in the pairing field [58,59]. While

2 We ignore the Ex = 2141 keV [55] state in our analysis as it overlaps with a
J7™ =57 state at 2140 keV. Our measured angular distribution for this peak is con-
sistent with a L =5 transfer, implying that the 0% state is weakly populated.

both possibilities cannot be ruled out, the former will have impor-
tant ramifications for 136Xe 0v B8 decay NME calculations. Previous
work showed that the static quadrupole moment of the first 2%
state in 3Ba could be as large as —0.19 or +0.25 eb [60-62].
This does not rule out a significantly deformed '3®Ba ground state
in the context of the NME calculations.

The results from this experiment also allow tests of the nu-
clear structure models that are used to calculate the NME for 136Xe
OvpBp decay. We performed one such test using configuration inter-
action shell model calculations with the NuShellX code [63]. Unlike
the DWUCK4 calculations which merely served to identify the ob-
served 0% states and determine relative strengths, the shell model
calculations were used to assess the absolute (p,t) cross sections,
distributed over 0T states in 136Ba. The calculations used the five-
orbital (0g7,2, 1ds/2, 1d3/2, 251/2, Oh11/2) valence space for protons
and neutrons to determine the wavefunctions for the 0" ground
state of 138Ba and the lowest fifty 0" states in 13%Ba. We next
used NuShellX to calculate two-neutron transfer amplitudes be-
tween these states. The amplitudes were input to the Fresco [64]
coupled-reaction channels code, which was used to generate abso-
lute 38Ba(p, t) angular distributions. The Fresco calculations used
the same OMP parameters for the proton and triton channels (as
described previously) and also took into account the coherent sum
of both direct and sequential two-step transfer. The single-nucleon
transfer amplitudes for the two-step part were obtained assuming
one intermediate state in '37Ba for each of the transferred (n, ¢, j)
values. For the '37Ba-deuteron coupling, we used the global OMP
parameters recommended by An and Cai [65], based on a compar-
ison with experimental '*Ba(d,d) angular distribution data that
we obtained independently [66].

We used three different Hamiltonians for the calculations,
which were corrected for core-polarization due to configuration
mixing with orbitals outside the model space [67]. The first Hamil-
tonian is from Ref. [68] and is called sn100pn in the NuShellX
interaction library [63]. The second Hamiltonian (that we call
sn100t) is very similar to sn100pn, except with minor modifica-
tions and was used in Ref. [12] to calculate M for 136Xe pg
decay, while the third GCN50:82 [69] Hamiltonian was used by
the authors of Ref. [35] to calculate the NME for the decay. Our
results are discussed below.

In the left panel of Fig. 4 we present a comparison of the cal-
culated values to our measured angular distribution for the 36Ba
ground state. It is apparent that there are significant discrepancies
at forward angles, where the maximum deviation is about a factor
of two. In the right panel of the same figure, we compare the run-
ning sum of our measured and calculated (p,t) cross sections for
all 0t states at the most forward angle of 5° (where the measured
L =0 strength is concentrated). We observe that similar to our ex-
perimental results, the calculations predict the (p,t) cross section
to be dominated by the transition to the ground state in 136Ba,
with smaller contributions from excited 0" states. Again, the the-
ory predictions are found to be about a factor of two smaller than
the experimental values. What could be causing such an underes-
timation? It is mainly because the model space for neutrons was
limited to only five orbitals near the Fermi surface. Coherent con-
tributions from all orbitals outside the valence space are known to
enhance calculated L = 0 two-neutron transfer cross sections [70].
We next considered the effects of such core-polarization by calcu-
lating ladder-diagram corrections to the two-nucleon transfer am-
plitudes (TNA), as described in Ref. [70], assuming the scattering of
pairs of neutrons to twenty three orbitals beyond the model space
(up to i11/2). As shown in Fig. 5, the revised calculations that in-
corporated the core-polarization effects show enhancements in the
predicted cross sections by about a factor of 1.5, and agree with
experiment to ~ 22% for the GCN50:82 Hamiltonian and ~ 14%
for the others. The predicted relative cross sections over the 0%
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states are also found to agree reasonably well with experiment,
particularly for the GCN50:82 Hamiltonian. This agreement did not
significantly improve on making small adjustments of the single-
particle energies and pairing strengths of the Hamiltonians.

In the final part of our analysis we used these results to bench-
mark NME calculations for '36Xe OvAB decay. This was based on
the arguments presented in Ref. [71], where it was shown that
the OvBB decay NME for a parent nucleus with mass number A
can be expanded as a sum over states in an intermediate nucleus
with mass number (A —2). For the case of '3%Xe, one can similarly
evaluate the NME by summing over the products of the TNA for
two-neutron removal to 134Xe, the TNA for two-proton addition to
136B3, and the two-body matrix element for the double-beta decay
operators (cf. Eq. (9) in Ref. [71]). The most significant contribu-
tion to the NME is through the 0% ground state in the 134Xe, while
J > 0 intermediate states mainly cancel the A J =0 term [71]. This
is similar to other calculations [35,72] that separate the NME in
terms of nucleon pairs coupled to angular momentum and parity
J®* =0% and J* # 0%, where the | > 0 contributions predomi-
nantly cancel the leading J* = 0% term (see Fig. 1 in Ref. [35]).

The 136Xe — 134Xe transition described above is expected to
be very similar to 13¥Ba — 136Ba. This is because both 36Xe and
138B3 are singly closed shell, nearly spherical nuclei at N = 82. Fur-
thermore, theory calculations predict the 13#Xe and '3®Ba ground
states to have similar structure [40]. This is supported by strong
empirical evidence. If we examine the low-lying levels in these

nuclei, their ZT states have very similar excitation energies and
B(E2; 1) values [73]. Additional comparison, after including recent
results from (n,n’y) experimental work [74], shows that the ener-
gies of the 25, 27, 07, 47, 47 and 7; states are also very similar
in both nuclei. Therefore, the low-lying level schemes in 34Xe
and 136Ba are nearly identical. This similarity allows a benchmark-
ing of 13%Xe OvBB decay NME calculations using our 38Ba(p,t)
data. As described below, on the basis of this benchmarking we
can evaluate a revised value for the dominant J* = 0" Gamow-
Teller (GT) component of the NME. This is done by first calculating
the NME through the J© = 0% ground state in '34Xe, both with
and without the core-polarization corrections to the TNA. For the
former we chose expanded sets of TNA, for both (neutron re-
moval and proton addition) parts of the calculation, with the 2n
removal part being the one that better reproduces our measured
138Ba(p, t) cross section. The ratio of the results was determined
to be R =1.58, which is the expected enhancement in the NME
due to core-polarization. Next we performed a more rigorous five-
orbital valence space ISM calculation of the NME (for light neutrino
exchange) with the sn100t Hamiltonian, as in Ref. [12]. On using
the CD-Bonn potential [75] for two-nucleon short range correla-
tions (SRC) and further including higher-order contributions (HOC)
due to induced nucleon currents [76], we determine the matrix el-
ement to be M%"T(]” = 01) = 5.67. Finally, on incorporating the
above enhancement due to core-polarization effects, we revise the
NME to M2 (J™ = 0%) =R x 5.67 = 8.96.
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To make further comparisons, we also performed a large-scale
spherical QRPA calculation of the NME (with HOC and the CD-
Bonn SRC), using the model parameters of Ref. [23] and 28 or-
bitals for major oscillator shells with N < 6. This resulted in a
value M%"T(j” =01) =9.63. It is reassuring that both our QRPA
and (revised) shell model results for the NME are now very simi-
lar in value. Clearly, previous configuration interaction (ISM) cal-
culations [35] had underestimated the | = 0 component of the
Gamow-Teller NME. It is expected that the | > 0 cancellations
would also increase due to similar core-polarization effects. We
therefore recommend improved calculations of both the J =0
part of NME as well as the canceling Mg‘)T(] > 0) term. These
can be done along the lines of a many-body perturbation theory
treatment [77] or Vigw_k/IMSRG based effective Hamiltonians and
transition operators [78,79], that take into account physics con-
tributions from beyond the model space. Since the details of the
cancellation between the J =0 and ] > 0 contributions to the
NME are model dependent, our result also serves to benchmark
such future calculations. We note that in order to make the con-
nection with two-nucleon transfer reaction data, it is important
that the results of these calculations be expressed in terms of their
J™ decomposition.

In summary, this work demonstrates for the first time an eval-
uation of part of a OvgS decay NME using experimental data. In
addition to providing a benchmark for future calculations, it also
presents a new avenue of approach for evaluating OvgB decay
NMEs more accurately, motivating similar investigations in other
candidates. We also report for the first time a large breakdown of
the neutron BCS approximation in an even barium nucleus with
N < 82. Our observations motivate a reassessment of the neutron
pairing approximation in '3°Ba, used in some NME calculations for
136Xe OvBB decay and invite further investigations of the shape of
36Ba,
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