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We evaluate the leading-order short-range nuclear matrix element for the neutrinoless double-beta
(0vBB) decay of the nuclei most relevant for experiments, including 76Ge, %Mo, '3°Te and '36Xe. In
our calculations, performed with the nuclear shell model and proton-neutron quasiparticle random-
phase approximation (pnQRPA) methods, we estimate the coupling of this term by the contact charge-
independence-breaking coupling of various nuclear Hamiltonians. Our results suggest a significant impact
of the short-range matrix element, which is about 15% — 50% and 30% — 80% of the standard OvpBg-
decay long-range matrix element for the shell model and pnQRPA, respectively. Combining the full matrix
elements with the results from current OvgS-decay experiments we find that, if both matrix elements
carry the same sign, these searches move notably toward probing the inverted mass ordering of neutrino
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1. Introduction

Neutrinoless double-beta (Ovg8) decay is a hypothetical nu-
clear process where two neutrons turn into two protons and only
two electrons are emitted. Since two leptons are created, an obser-
vation of this decay would point to an event beyond the standard
model (SM) of particle physics. Further, Ov88 decay can only occur
if the neutrino is a Majorana particle—its own antiparticle—unlike
any other fundamental particle known. The observation of 0vApB
decay would therefore shed light on beyond-SM physics such as
the matter-antimatter asymmetry of the universe [1,2], and the na-
ture of the neutrino [3-7].

Double-beta decay with the emission of neutrinos, which is al-
lowed by the SM, has already been observed in about a dozen
nuclei [8] where B decay is energetically forbidden or very sup-
pressed. The neutrinoless mode is under massive searches by
several large-scale experiments worldwide [9-14], with the most
stringent half-life limits given by t?72 > 1.8 x 10%6 y for 76Ge [10],
tg’/vz > 1.07 x 1026 y for 136Xe [14] and tg’yz > 2.2 x 10% y for
130Te [9]. However, in order to interpret the experimental results
it is crucial to have reliable OvSg-decay nuclear matrix elements
(NMEs), which need to be predicted from nuclear theory.
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Even though several beyond-SM mechanisms can trigger Ov S
decay, one of the best motivated scenarios involves the exchange
of the three known light neutrinos. The corresponding NMEs can
be obtained with the nuclear shell model (NSM) [15-18], the
proton-neutron quasiparticle random-phase approximation (pn-
QRPA) method [19-24], energy-density functional theory [25-27]
or the interacting boson model [28,29]. Ab initio methods also
provide NMEs for selected S8 nuclei: the in-medium similar-
ity renormalization group (IMSRG) [30] and coupled cluster [31]
frameworks for #8Ca, and the valence-space IMSRG for %8Ca, 76Ge
and 32Se [32]. However, present predictions for the NMEs dis-
agree by more than a factor of two [5]. In addition, many of these
many-body methods typically overestimate matrix elements driven
by the nuclear spin [16,33-36], a feature sometimes corrected by
“quenching” the value of the axial-vector coupling ga ~ 1.27. The
exception are ab initio methods, which reproduce g-decay matrix
elements well without additional adjustments [37]. Nonetheless, if
and to what extent OvgB-decay NMEs need to be corrected re-
mains an open question [5,38]. A complementary avenue is to use
nuclear physics experiments to constrain the NMEs [39-44], but
observables well correlated with OvBg decay are also hard to ac-
cess [45,46]. In sum, NME uncertainties complicate the extraction
of additional physics information from OvS8-decay experiments.

Furthermore, recently Refs. [47,48] introduced a previously un-
acknowledged short-range matrix element which appears at lead-
ing order in light-neutrino-exchange OvBpB decay. This brings an
additional, potentially significant uncertainty to Ov8-decay NMEs,
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especially because the value of the hadronic coupling associated
with the new term is not known. First quantum Monte Carlo
studies in very light 12Be, estimating the new coupling from the
charge-independence-breaking (CIB) coupling of nuclear Hamilto-
nians, indicate that this term could amount to as much as 80%
of the standard long-range NME [48]. The new term was also
studied in “3Ca with coupled cluster theory [31]. More recently,
Refs. [49,50] provide synthetic data to fix the coupling of the
short-range term in ab initio calculations, a procedure leading to
a 43(7)% enhancement of the “8Ca IMSRG NME [51].

In this Letter, we extend these studies and explore for the first
time the short-range Ovgg-decay NME in a wide range of Bf
emitters, including all nuclei used in the most advanced experi-
ments [9-14] and proposals for next generation searches [52-54].
We perform many-body calculations of medium-mass and heavy
nuclei with nucleon number A =48 — 136 with the pnQRPA and
large-scale NSM frameworks commonly used to obtain long-range
NMEs, and we take CIB couplings to estimate the size of the short-
range NMEs. Finally, we analyze the impact of this new term on
current OvpBpB-decay searches combining in a consistent manner
the likelihood functions of the most constraining experiments with
the full NMEs for different nuclei.

2. Neutrinoless double-beta decay

The OvBB-decay half-life can be written as [5,47]

2
m
ov 1—1 4 120 ovi2 BB
(67217 = Gov 8a IML” + Mg"|* —-, (1)
me
where Gg, is a phase-space factor for the final-state leptons [55],
Oov ov ;
and M;"” and M" are the long- and short-range NMEs, with un-
known relative sign. The effective Majorana mass mgg =) _; Ueim;
(normalized to the electron mass m,) characterizes the lepton-
number violation and depends on the neutrino masses m; and
mixing matrix U.
The matrix element M(L)” denotes the standard light-neutrino-
exchange matrix element, which can be written in the familiar
way [5]

2
M = Mg — () M+ m 2)

with Gamow-Teller, Fermi and tensor contributions Mg%, M(F)” and
M?”, and vector coupling gy = 1.0. The calculation of the matrix
elements involves, in addition to the initial and final states O,.Jr and
0", a sum over intermediate states, carried out explicitly in the
pnQRPA [20]. Alternatively, for our NSM results we use the closure
approximation to perform this sum analytically, so that the domi-

nant Gamow-Teller term reads

/Jlo((;lr)hGT(qz)qdql(ﬁ> 3)

2R
M% = = (0t 1T Omo
cT ng2<f|2mﬂ mOn 0T E

A m,n
with sum over the spin o and isospin T~ operators of all A
nucleons, momentum transfer q, a Bessel function jp, and R =
1.2A'3 fm. We use as average energy for the intermediate states
E = 0. The matrix element also depends on a neutrino potential,
with hgr(0) = gﬁ and additional g-dependent subleading terms,
regularized with a dipole as in previous pnQRPA [20,56] and
NSM [15] studies. The Fermi and tensor parts follow similar ex-
pressions to Eq. (3) [5]. Finally, we correct our many-body states
with two-nucleon short-range correlations (SRCs) following the so-
called CD-Bonn and Argonne parametrizations [57].
The short-range matrix element connects directly the initial and
final nuclei [47]
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Table 1
Couplings (ggN) and scales (A) of the Gaussian regulator
considered for the short-range NME M‘S)".

ghN (fm?) A (MeV) Ref.
-0.67 450 [58]
-1.01 550 (58]
-144 465 [59]
-0.91 465 [59]
-144 349 [59]
-1.03 349 [59]
2R I
MY = == (071) 1,1, / jo(@nhs(@*) q*dqlof"), (4)
ngA m,n

where we choose to regularize the contact term with a Gaussian
in the neutrino potential:

a2 2
hs(g?) = —2g)N e 1/CGAD (5)

with A the scale of the regulator.

The coupling gE'N, not part of the SRCs, can only be fixed by
fitting to lepton-number-violating data—currently unavailable—or
synthetic data [49,50]—only accessible to ab initio calculations.
Here we follow Ref. [48] and estimate its value by considering the
CIB term of different nuclear Hamiltonians, restricted to cases with
a Gaussian regulator. This strategy carries some uncertainty since
two low-energy constants are needed to fix gE’N, while only one
of them can be extracted from the CIB term—the other one is as-
sumed to have the same value. Nonetheless, the empirical CIB was
well reproduced in Refs. [49,50] with the same strategy used to
obtain their synthetic lepton-number-violating data. Table 1 shows
the g\N — A pairs considered in our work.

3. Many-body NME calculations

We perform NSM calculations with the coupled code NATHAN
[60]. We use the KB3G [61] interaction in the pf-shell (0f7/2,
1p3/2, 0fs/2 and 1pq/; orbitals) for A =48, the RG.5-45 [62] inter-
action with 1p3,2, 0fs/2, 1p1/2 and 0ggy» orbitals for A =76, 82
and the GCN5082 [62] interaction with 0g7/2, 1ds2, 1ds2, 21,2
and Ohqq/p orbitals for A =124 — 136. In all cases our valence
space is common to protons and neutrons. Overall, with the NSM
we study seven Ov88 decays: 43Ca, 76Ge, 82Se, 124sn, 128.130Te and
136Xe. We consider all nuclear configurations in the full valence
space except in 124Te (final nucleus of the '24Sn 88 decay) which
is limited to seniority v <5 states (up to five broken zero-angular-
momentum pairs) instead of the full v <6 space. We have checked
that the corresponding NMEs are converged to the percent level.
Compared to the pnQRPA calculations described below, the decays
of %7r, 190Mo and '16Cd are still out of reach for the NSM.

On the other hand, we use the spherical pnQRPA method as
in Refs. [21,63]. The large no-core single-particle bases consist
of 18 orbitals for A = 76, 82 nuclei, 25 orbitals for A = 96, 100,
and 26 orbitals for A =124 — 136. In all, in this framework we
study the decays of 76Ge, 82Se, 971, 100\o, 116C(d, 1245p, 128.130T¢
and 136Xe, excluding 8Ca because the pnQRPA does not describe
doubly-magic nuclei reliably. We take the single-particle energies
from a Coulomb-corrected Woods-Saxon potential optimized for
nuclei close to the B-stability line [64], but in the vicinity of the
Fermi surface we slightly modify them to better reproduce the
low-lying spectra of neighboring odd-mass nuclei. The quasipar-
ticle spectra, needed in the pnQRPA diagonalization, follow the
solution of the BCS equations for protons and neutrons. We use
the two-body interaction derived from the Bonn-A potential [65],
fine-tuning the proton and neutron pairing parameters to repro-
duce the phenomenological pairing gaps. The residual Hamiltonian
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Table 2
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Long- and short-range OvBB-decay matrix elements ME" and Mg” calculated with the pnQRPA and nuclear shell model (NSM) for several nuclei. The ranges cover results for
neutrino potentials with the couplings and regulators in Table 1, combined with Argonne and CD-Bonn short-range correlations.

Nucleus pnQRPA

NSM

Oov Oov
ML MS

M /MY (%) M M

M /MY (%)

48Ca

76Ge 472—-522
825e 4.20 — 4.61
9%6z7r 422463
1000 3.40 —3.95
16¢cq 4.24 — 457
1245 472 -5.29
128Te 3.92 — 4.50
130T 3.46 — 3.89
136xe 2.53 —2.80

1.49 —3.80
1.27-3.24
1.24-3.19
1.66 —4.26
1.10 - 2.80
1.69 —4.28
1.37-3.45
1.18 —3.05
0.76 — 1.95

32-73
30-70
29 -69

26 — 61
3681
35-77
34-77
30-70

49 — 108

0.96 —1.05
3.34-3.54
3.20-3.38

0.22 —0.65
0.52 —1.49
0.48 —1.38

23 - 62
15—-42
15-41

3.20-3.41
3.56 —3.80
3.26 —3.48
2.62 —2.79

0.54 —1.58
0.61—-1.76
0.57 - 1.64
0.45—-1.31

17 — 46
17 — 46
17 — 47
17 — 47

for the pnQRPA calculation contains two adjustable scaling fac-
tors: the particle-hole gpn and particle-particle gpp parameters. We
fix gpn to reproduce the centroid of the Gamow-Teller giant reso-
nance, and gp, to the two-neutrino SB-decay half-life according
to the partial isospin-symmetry restoration scheme introduced in
Ref. [66].

4. Results and discussion

We calculate the OvpBp-decay short- and long-range NMEs for
ten heavy nuclei, listed in Table 2. For both NSM and pnQRPA, in
all transitions the standard matrix element ME” is larger than the
new term Mg”. Nonetheless, Table 2 shows that in both many-
body frameworks the contribution of the short-range matrix ele-
ment is significant: in the pnQRPA the ratios of the short- over
long-range NMEs typically range between 30% — 80%; in the NSM
the ratios are slightly more moderate, between 15% — 50%. Within
a given method, the relative size of Mg” is in general rather stable.
Our results indicate that the short-range contribution can con-
siderably impact the expected rates of current and future OvBB-
decay experiments. Therefore, the new term should be calculated
in heavy nuclei using more consistent g,’j’N values.

The NME ranges in Table 2 are much wider in the case of the
short-range term than for the standard matrix element, as the dif-
ference between the lower and upper Mg" values can be up to a
factor of three for both methods. This partially reflects the variety
of couplings ghN and regulator scales A in Table 1: the small-
est short-range values are always given by g"}’N = —0.67 fm? and
A =450 MeV (with Argonne SRCs), while the largest ones involve
in all cases glN = —1.44 fm? and A =465 MeV (with CD-Bonn
SRCs). In contrast, the small differences in the long-range ME" are
driven by the SRCs, with the lower values corresponding to Ar-
gonne SRCs and the upper ones to CD-Bonn SRCs.

In order to study the short- and long-range NMEs in more
detail, Fig. 1 shows their radial and momentum distributions, de-
noted by Ci,s(r) and Ci/s(q), for 75Ge. The distributions satisfy

[ custar =gl = [ Tstaa. (6)

where r = |r, — rp| is the distance between the two decaying
nucleons. Fig. 1 shows the short-range distributions calculated
with the two extreme neutrino potentials: ghN = —0.67 fm?,
A =450 MeV with Argonne SRCs (dark blue area), and ghN =
—1.44 fm?, A = 465 MeV with CD-Bonn SRCs (light blue). While
the shapes of the two blue areas are similar, the size of the light-
blue one is clearly larger in all cases. For the long-range term,
Fig. 1 shows results for Argonne (solid red curve) and CD-Bonn
(dashed red) SRCs, hardly distinguishable in both NSM and pn-
QRPA. As expected, the radial distribution of Mg" involves shorter
internucleon distances than the one of the long-range M(L)”, and its

N CL
T CSJnax
— CSJnin

Crs(r)(fm™1)

NSM

0.02

0.01

éL/S (q)(MeV~1)

“pnQRPA
0 200 400 600 800 O
qg(MeV)

200 400 600 800
g(MeV)

Fig. 1. Long- (red) and short-range (blue) 76Ge radial (top) and momentum (bottom
panels) matrix-element distributions for the pnQRPA (left) and NSM (right pan-
els). Solid and dashed lines indicate Argonne and CD-Bonn short-range correlations,
respectively. Short-range matrix-element distributions are shown for the neutrino
potential parameters leading to extreme results: ghN = —1.44 fm? with regulator
A =465 MeV (light blue), and g\N = —0.67 fm? with A =450 MeV (dark blue).

momentum distribution reaches larger momentum transfers. Apart
from the consistently smaller NME values obtained with the NSM,
the overall behavior of the matrix-element distributions is quite
similar in both frameworks.

Fig. 1 also shows differences between many-body methods. In
the pnQRPA, the radial distribution of the long-range NME gets
a sizeable cancellation from distances r 2 2.5 fm, which is much
milder in the NSM. This rather well-known feature of the pn-
QRPA [20,56,57] partly explains the relatively larger size of M‘S)“
with respect to M?”, since there are no cancellations in the short-
range NME radial distribution. Furthermore, Fig. 1 also highlights
that the short-range pnQRPA NME extends to longer distances than
the NSM one, whereas the positive contribution to the pnQRPA
long-range NME is concentrated at shorter distances. This behavior
also leads to larger pnQRPA Mg" /M(L’” ratios. In momentum space,
the pnQRPA long-range NME distribution reaches larger momen-
tum transfers, while the NSM one does not vanish at g = 0 because
of our closure energy E =0.

Two transitions stand out with the largest relative short-range
M2 values: %Mo for the pnQRPA, and “8Ca for the NSM. Fig. 2
shows the radial short- and long-range NME distributions for these
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Fig. 2. Radial long- and short-range matrix-element distributions for 1Mo calcu-
lated with the pnQRPA framework (left), and “8Ca obtained with the NSM (right
panel, with scale at the right y axis). Line and color codes as in Fig. 1.

two cases. Apart from the different scales, the 48Ca radial distribu-
tion resembles the 76Ge pnQRPA long-range one in Fig. 1: there
is a sizeable cancellation in CL(r) at distances r ~ (2 — 5) fm, not
observed in any other NSM decay. Such cancellation never occurs
for the short-range Cs(r), which explains the larger relative con-
tribution of Mg” for this nucleus. The relative size of our 48Ca
short-range NME is similar to the ab initio result from Ref. [51],
however obtained with a different coupling and regulator scheme.
Fig. 2 also shows a more marked cancellation in the pnQRPA long-
range Mo NME than in 7®Ge. This exceptionally large cancella-
tion, not present in any other nucleus, is explained by a notable
negative contribution at low momenta which reduces the value of
ME”. This behavior is driven by the 1+ multipole which dominates
at low-q values, as observed in previous pnQRPA works [20,56].
A similar feature appears in light nuclei studied with quantum
Monte Carlo [67] and the NSM.

The ME" matrix elements in Table 2 assume ga = 1.27. Related
NSM and pnQRPA 8 and two-neutrino 88 decay rates obtained this
way are known to be overestimated, calling for corrections usually
known as “g4 quenching”. While the implications to Ovgg-decay
NMEs are not clear [5], they would only affect the long-range NME,
leading to a larger relative impact of the short-range term. We
consider such “quenching” scenario to provide more conservative
estimates. On the one hand, we calculate pnQRPA (gf\ff/gA)zM(L"’
values with gpp fitted to reproduce two-neutrino gg-decay half-
lifes with giff = 1. The results are reduced by about 20%. In a sim-
ilar spirit, we multiply the NSM M?} terms by 1/gf\ ~ 0.6, which
reduces M{” by 30% or so. For 8Ca, this brings the NSM in good
agreement with ab initio theory [30,32,51]. With these rough esti-
mates, the short-range NME contribution increases by about 25% in
the pnQRPA, reaching about 40% — 100% in 76Ge, 139Te and 136Xe.
For the NSM, the impact of the short-range term would be en-
hanced by about 50%, typically up to 25% — 70%.

Finally, we explore the impact of our Mg” results on the current
reach of the experimental Ov3B-decay program in terms of bounds
on mgg. In order to obtain stronger limits, we follow Ref. [70] to
combine our 76Ge, 13%Te and '36Xe NMEs with the parameterized
likelihood functions of the Ovpp-decay rate, extracted from the
CUORE [9], GERDA (Phase II) [10], EX0-200 [11] and KamLAND-Zen
[14] experiments. To combine the likelihood functions, we con-
vert decay rates into effective Majorana masses according to Eq.
(1) with our NMEs and the phase-space factors of Ref. [55]. This
way, we obtain 90% confidence level (CL) upper bounds on mgg
from the 90% CL upper bound of the combined likelihood function
(related to the Bayesian rather than the frequentist limit [70]).

We consider three different scenarios to derive bounds on mgg:
a baseline using the standard M%’; an optimistic scenario as-
suming common signs for the short- and long-range NMEs (with
MY’ + M2” in Table 2); and a pessimistic one where the short-

range part cancels the standard matrix element (with ME” - M‘S)”).

Physics Letters B 823 (2021) 136720

pnQRPA
. -
b
100 e E
I— —
E INVERTED
=
10
NORMAL
1
0.1 1 10

Miightest (MeV)

Fig. 3. Effective Majorana mass mgg in terms of the lightest neutrino mass mjigneest
assuming the normal (pink) or inverted (green) ordering of neutrino masses [68,
69], compared to the exclusion (blue) bands which combine data [70] from Ovpg8-
decay experiments [9-11,14] and pnQRPA or NSM NMEs. The upper, middle and
lower exclusion bands correspond to NME ranges for MY — M2”, MY" and MY" +
M‘s"’, accordingly. The cyan bands correspond to a “quenching” scenario, see text for
details.

The first consistent determination of the short-range matrix el-
ement in “8Ca supports the optimistic scenario [51]. We take a
matrix-element uncertainty given by the extreme values of M‘L]"
and ME“ + Mg“ obtained from the set of 12 calculations corre-
sponding to the six g\N — A pairs in Table 1 and two SRCs. For
76Ge, 130Te and 136Xe, the extreme values are always given by the
same g\N — SRC combinations.

Fig. 3 compares the constraints on mgg in the three sce-
narios with the bands corresponding to the normal and in-
verted neutrino-mass orderings, obtained with neutrino-oscillation
data [68] as described in Ref. [69]. The widths of the blue bands in
Fig. 3 correspond to the ranges of M{” (middle), MY — M2” (top)
and M(L)" + Mg” (bottom) in Table 2, and are much larger once the
new short-range term is included. The pnQRPA bands are domi-
nated by the likelihood function of GERDA partly due to the large
76Ge NME, while the next-constraining experiments are KamLAND-
Zen, EXO-200 and CUORE, in that order. In the NSM the hierarchy
is similar. In the scenario that both matrix elements carry the same
sign, our results indicate that the reach of current experiments ap-
proaches the inverted mass-ordering region notably. This feature
is more marked when using the pnQRPA NMEs, and may be more
moderate if our results obtained with g4 = 1.27 somewhat un-
derestimate the decay half-lives. A more conservative “quenching”
scenario is shown by the cyan bands in Fig. 3. On the other hand,
if the signs of the two matrix elements are opposite, experiments
would still be far from exploring mgg values corresponding to the
inverted mass ordering. In this case, the pnQRPA and NSM NMEs
would be similar within uncertainties.

5. Summary

We have calculated for the first time the short-range NME
which contributes at leading order to the 0v38 decay of medium-
mass and heavy nuclei including 76Ge, %Mo, 39Te and 136Xe.
Since the value of the coupling g\N of this short-range term is
not known, we estimate it by a set of CIB couplings of different
Hamiltonians, together with the corresponding regulators. We find
that the new short-range NME values are a significant fraction of
the standard long-range ones: typically between 30% — 80% in the
pnQRPA and 15% — 50% in the NSM. These ranges are driven by the
different couplings g,“,’N considered, and are rather stable among all
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nuclei. The only exceptions are %Mo and 48Ca where the ratios
are notably larger due to cancellations in the standard long-range
NME. Since these cancellations are typically larger in the pnQRPA
than in the NSM, for the former the relative impact of the short-
range matrix element is also larger.

The new short-range term can also affect the interpretation of
present and future OvBpB-decay searches. To this end, we derive
constraints on mgg using our pnQRPA and NSM NMEs to combine
the likelihood functions of the most constraining experiments. We
observe that if the long- and short-range NMEs carry the same
sign, as suggested by a recent determination [51], the mgg val-
ues constrained by these searches clearly approach the inverted
neutrino-mass region.
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