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We discuss the possibilities of distinguishing among different mechanisms of neutrinoless double beta
decay arising in the effective field theory framework. Following the review and detailed investigation of the
particular ways of discrimination, we conclude that the 32 different low-energy effective operators can be
split into multiple groups that are in principle distinguishable from each other by measurements of the
phase-space observables and by comparison of the decay rates obtained using different isotopes. This
would require not only a substantial experimental precision but necessarily also a considerable improve-
ment of the current theoretical knowledge of the underlying nuclear physics. Specifically, the limiting
aspect in our approach turns out to be the currently unknown or uncertain values of low-energy constants.
Besides the study adopting the effective field theory language we also look into several typical UV models.
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I. INTRODUCTION

The unknown origin of neutrino masses, being one of the
major puzzles of contemporary particle physics, strongly
motivates the quest for lepton number violation in nature.
The prominent way of probing this symmetry is the search
for neutrinoless double beta (Ovf3f3) decay [1], observation
of which would imply nonzero Majorana neutrino masses
in accordance with the black-box theorem [2].

Besides the tight connection to neutrino masses as
realized in the standard mass mechanism, neutrinoless
double beta decay can be triggered in a variety of different
ways, and thus potentially involve also other new physics.
Generally, one can study higher-dimensional lepton-
number-violating operators that can trigger Ovfpf decay
[3—13]. In fact, while the sole observation of Ovpf decay
would indeed indicate that neutrinos acquire Majorana
mass, it remains unclear whether the standard mechanism
that gives a contribution proportional to the neutrino mass
would be the dominant one. Examples of models beyond
the standard model that can induce nonstandard contribu-
tions to the Ouff decay rate include, for instance, the left-
right symmetric models [14—17] triggering several distinct
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mechanisms [8,18]. Sterile neutrinos can also contribute to
Oupp decay [18-24].

There is variety of experiments searching for Ovff
decay in different double-beta-decaying isotopes [25-34].
Currently, the best limit on the half-life reaching
2.3 x 10?® years is claimed by the KamLLAND-Zen collabo-
ration [35] studying the decay of '36Xe. The most stringent
limit on the half-life of Ovpf decay of 7°Ge attains
1.8 x 10% years, as obtained by the GERDA collaboration
[25]. Proposed next generation experiments such as
LEGEND [36,37] ("Ge), CUPID [38] (**Mo), SNO+
[39] ("*Te) and nEXO [40] ('3®Xe) aim towards testing
half-lives of the order of 107107 years. Some experiments
like NEMO-3 are also equipped with the technology to track
individual electrons and measure the individual electron
energy spectra and the opening angle between the two
electrons, which can help to uncover new physics not only in
Ovpp decay, but even in standard double beta decay [41].
Recent reviews of the experimental and theoretical efforts in
the field of Ovfp decay can be found, e.g., in Refs. [42—44].

In this work we focus on different possibilities of
experimental discrimination among different mechanisms
inducing Ovfp decay. To do so, we adopt the effective field
theory (EFT) framework developed in Refs. [9,10], which
is briefly introduced in Sec. II. In subsequent Sec. III
we study the possible ways of distinguishing among the
relevant set of low-energy EFT operators from Ovff decay
observables. After having discussed the single operator
settings, we turn towards more complete models in Sec. IV.
Finally, we summarize our findings in Sec. V. This work
has been carried out utilizing the upcoming NUBB code
package [45].
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II. EFT APPROACH TO 08 DECAY:
THE MASTER FORMULA

A. The half-life master formula

As we apply in this work the effective field theory
approach introduced by [9,10], let us start by briefly
summarizing the most important parts. Below the scale
of electroweak symmetry breaking the Ovff decay ampli-
tude can be described in terms of an SU(3)c x U(1),
invariant low-energy effective field theory (LEFT).
Including operators up to LEFT dimension 9 the most
relevant Lagrangians for Ouff are given by [9,10]

2Gg 6

ﬁg:z [C (urtdy)(egy,vi)
+ C&/l){(uRV dg)(ery,vy) + CéL(”RdL)(eLUL)
+ C(SR)(”LdR)(eLVZ)

+ O (o dy) (ro,u05) | + Hee. (1)

and

£(7> ZGF
AL=2 — \/Z’U

+ C%(W"dze)(ﬂaﬂuz)} +He.  (2)

[c< ) (agydy) (210,45

for the long-range part, where

adf = a(dp) - (0a)p, (3)

as well as the dimension 9 short-range Lagrangian

AL 2= 52[( 9 z(ereg) +C§,9L)(an))Oi
+ ¢ (@rrse) O] 4)

with the scalar O; and vector O/ four-quark operators [10,46]

Oy = (u%y,ds) (w’y"dy)
O\ = (g%, d%) (i’ v" dy).
0, = (wr*d}) (" d}).
O, = (udy) (" dy).
O = (z"d}) (W d)
O3 = (urdy) (" dy).
Oy = (u%,d%) (@' " dy)
Os = (u,"y,dy) (wg’v* dy)

O = (ury'dy)(u " dy),
O = (ug"ydg) (g d)),
Oy = (ugtty*d,) (agtdg),
O = (ugty*dg) (ugt'dy),
O = (ury*dy)(ug’dy),
O = (wgey"dy) (P dy),
Oy = (ugt*y*d,) (ugt'dy),
Oy = (wgr*ydy) (ugt'dy). (5)

Here a, f3 are color indices and the 4 are the generators of
SU(3) in the fundamental representation given by the eight
Gell-Mann matrices 4 as * =114 A = 1...8. The oper-
ators O and O’ in 5 are related via parity transformation.
Together with the standard mechanism of light Majorana
neutrino exchange, this framework contains 32 different
LEFT operators that can trigger Ovff decay.

The transition from the quark level to the nuclear level
can be achieved employing the chiral effective field theory
(yEFT) [47]. The expected half-life contributed by the 32
effective operators is then captured by a “Ovfff master
formula” combining the 32 LEFT Wilson coefficients, six
different phase-space factors (PSFs) given in Table I and
nuclear matrix elements (NMEs) summarized in Table II.
At the same time, low-energy constants (LECs) that
describe the nuclear interactions within yEFT enter the
formula—we summarize these in Table III. The Ovf3f half-
life is then given in terms of different subamplitudes A; as

(T95,)7" = gi[Gor (JA* + | Ag[*)
= 2(Gor = Goa)R[A; Ag] + 4G | Ag|?
+2Gou(| A, [ + R[AG, (A, + Ag)])
—2Go3M[(A, + Ag) A +2A,, Af]
+ Goo|Aul* + GosR[(A, — Ag) Ay]- (6)

Assuming that the LEFT operators arise from the Standard
Model EFT (SMEFT) operator basis, the dimension of the
relevant operator at the SMEFT level can differ from the
dimension of the low-energy effective operator. This is
obviously the case for the LEFT dimension-3 neutrino
mass operator that originates from dimension-5 Weinberg
operator in SMEFT [48]. The LEFT dimension-6 and

dimension-7 operators (Og(?,SR,VL,VR.T and OQQ,VR) can
all be generated by dimension-7 SMEFT operators.
Similarly, the LEFT dimension-9 operators (’)592‘“ can
stem from dimension 7 in SMEFT at the matching scale
my,, while (’)gi) is induced by the running of (’)ﬁ) from the
matching scale my, down to A,. The remaining LEFT
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TABLE 1.
calculations.

The different PSFs in terms of 10~'* y~! used in our

GO 1 G02 G03 G04 G06 GO9

28y 6.96 379 275 526 14.43 17.32
232Th 2.70 073 076  1.83 6.35 7.14
198p¢ 1.23 0.55 044 090 2.64 3.10
160Gq 1.33 1.68 073 1.12 2.25 3.08
1545m  0.44 028 018 034 0.87 1.08
150Nd 8.82  40.15 7.00 825 9.83  18.78
148Nd 1.36 210 079  1.17 2.15 3.09
136X e 1.88 464 126  1.69 2.58 4.14
134% e 0.08 0.02 002 005 0.18 0.20
130T 1.81 468 122 163 243 3.96
128Te 0.07 0.02 002 005 0.17 0.19
1245 1.13 242 072 101 1.62 251
16cq 2.06 6.51 146 1.89 2.59 4.47
110pg 0.58 095 034 050 0.89 1.30
100V 1.89 6.80 136  1.75 2.25 4.06
967y 242 1043 181 226 2.68 5.15
82Ge 1.15 396 080 1.06 1.37 2.47
"Ge 0.26 043 015 023 0.40 0.59

dimension-9 operators can originate from dimension-9
SMEFT operators except for OY)L)/, Og?)ﬁR and OggﬁRl
which arise at dimension 11 in SMEFT [46].

B. Subamplitudes

The subamplitudes A; are categorized and defined via
their corresponding leptonic currents. They each depend on
the Wilson coefficients of different LEFT operators and can
be written as

my

m 3 6 6 6 6 7 7
A, =MD +ZE M () Q.. el )

me me
2
m 9 9 9)7 9 9)/
e o ey ey
9 9)7 9 9
cy.cy.cly. e,
2
m 9 9 9)/ 9 9)/
Ax =B M (CRL O O G
9 9)/ 9 9
Cir. Ci . CiR. 3.
6 6 6 6
Ap = MPL(CY)) + MER(CR),
6 6 6 6
A = MY (G + MP ().

2
m m
Ay = M) + (.
m, m,v
&, ). o)

The matrix elements M; depend on the different LECs and
Wilson coefficients. We explicitly state the dependency on
the different Wilson coefficients within the brackets in (7).
A, depends on the matrix elements

G a1 mag™
Mz/ :_Vud _g_zMF+MGT+MT+Zg—2MF-Sd ’
A A

6 B 6 6 my o 7
MO =Via (€)= 4 (L= CY) ) Mo
N myv

+ Vudc’(F6)MT67 (8)

TABLE II. NMEs used in our calculations based on the IBM2 model [12].

My M Mg Mg Mgy Myt Myt MR MM My MG MEra MGFa MR, MT
76Ge -0.78 6.06 -0.86 0.17 020 0.0 024 -0.06 004 -120 4.18 -124 029 -0.77 023
82Se -0.67 493 -071 0.14 0.17 0.0 024 -0.06 0.04 -1.01 3.46 -1.03 025 -0.73 0.22
967y -036 432 -064 0.13 0.15 0.0 -021 0.05 -0.04 -0.87 3.06 -0.89 0.21 0.64 -0.20
10po  —0.51 555 =090 020 022 00 =029 0.07 —=0.05 -1.28 448 -1.33  0.30 0.93 -0.28
1pq  —042 443 -0.76 0.17 0.18 0.0 =021 0.06 -0.04 -1.07 3.72 —1.11 0.25 0.79 -0.24
lecd  -034 3.17 =055 0.12 0.13 0.0 -0.12 0.04 -0.03 -0.80 272 -0.81 0.18 0.49 -0.16
1249y —0.57 337 -050 0.11 0.12 00 0.12 —=0.03 002 -082 2.56 -0.77 0.19 -042 0.13
1287¢  —0.72 432 -0.64 0.13 0.15 0.0 0.12 -0.04 003 -1.03 324 -098 024 -052 0.16
130Te  —-0.65 389 -0.57 012 014 00 0.14 -0.04 0.02 -094 2095 -0.89 022 -047 0.15
34%%e  —0.69 421 -0.62 0.13 0.15 0.0 0.12 -0.04 0.03 -097 3.07 -092 022 -048 0.15
136%e  —0.52 320 -045 0.09 0.11 0.0 0.12 -0.03 0.02 -0.73 232 -0.69 0.17 =036 0.12
48Nd  -0.36 252 -048 0.11 012 00 -0.12 0.02 -0.02 -0.78 254 -0.79 0.19 0.30 -0.09
I0Nd  -0.51 375 -0.76 0.17 019 0.0 -0.12 0.04 -0.03 -0.74 246 -0.76  0.18 0.34 -0.10
134Sm -0.34 298 -052 0.11 0.13 0.0 -0.12 0.03 -0.02 -0.78 264 -0.79 0.19 0.39 -0.13
100Gd -042 422 -0.71 0.15 0.17 00 =021 0.05 —0.03 -1.02 352 -1.04 024 0.60 —0.19
198p¢ -0.33 227 -050 0.11 0.12 00 -0.12 0.03 -0.02 -0.78 257 -0.78 0.18 0.37 —-0.12
B —044 417 =076 017 018 00 -021 005 -0.04 -1.08 380 -—I1.11 0.25 0.69 —0.22
28y -0.52 496 -090 020 0.21 0.0 =021 0.06 —-0.04 -1.29 451 -1.32  0.30 0.82 —0.25
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TABLE III. Summary of the low-energy constants necessary to
calculate the Ouff half-life for all 32 different operators. The table
is taken from [10] and restructured.

Known LECs Unknown LECs
9a 1.271 g7 o(1)
gs 0.97 [49] |g’7'-”| (’)(1)
au 4.7 lgtk 780l O(1)
ar 0.99 [49] |g"’,1Z| O(l)
B 2.7 GeV N o)
i 0.36 [50] \gl 6.7 O(l)
I 2.0 [50] lAN,sl  O(16a%)
95" —0.62 [50] | V1LV| (9(1)
i —1.9 [50] |g¥N| (9(1)
7 8.0 [50] gl O(1)
g,{VN —92.9 GeV~2 4+ 50% [51-53]
and

©) ©) ( pgar 2m; ()
My = _WC;UTL(MGT T ML) = gz‘—m]zVCNNLMF,Sd’
)

where /\/l,(,3> represents the contribution from the standard
mass mechanism. In contrast to the traditional approach
employing the nonrelativistic approximation, the EFT
treatment contains also the contribution proportional to
gYN, which parametrizes the contact-term contribution
originating from the exchange of hard neutrinos [54,55].
Ay is given by

for Ap the different contributions are

1
Mg+ =

6
M) = - 2 Mr 3
A

(Mg + M7)

6
Vid CE/L) (g vV
3

6gt
+ ;]L MF,sd) ’
9a
6) s 2
6 VudC g
My = = (%= g+ )

6g%
+ ?MMJ ()
A

A,,, is determined by

6) s 2
V.aC 1 12
M), = YO (Bt ot - anaf) = (0025 + w5+ o+ ) 2B ),
A A
©) , 2
M = L0 (R —avaf) 4 30002+ w5+ mag? ) - 2B, ) o)
A A

and finally A, is given by
2

6 6 g mx
M) = VoaCl (222 (et a4 2
Im my

mpy

o) mz| 2 9
Mi(w) =— [—g—z(g?NC(v) + g7NC§/ IMp g+ =
A

In the above formulas we have defined the combined NMEs

Mer = MEG + Mg + Mgh + Mg,
My = MAP + MEF + MMM,
1 1
Meps =5 My + M + 5 M7" + M7”,

gy — gy m; 8g
MT6—2TTm Mg g — T(M + MYM) 4 giN
A N

2 1

—g—2g§1§MF,sd+Eg’\r/T( Tsd+MT Yd)>:|
L@+ g0+ ). (13
2 m2

m, (Méé)"xd—i_MTxd)"i_gT (MGTsl+MTxd) (14)

4m 2

The short-range dimension-9 LEFT operators contribute to the C§2 ;”L,”NL_NNL couplings that appear in the chiral

Lagrangian. They are given by
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) =c + "+ + ¢y
ey =c) e v ey

sz =g ( 2L+C2L)+9m( 3L+C

9 2
it = (a7 ) i+ €

9 9
Cae = g€ + 1)) +giN(ey) + ¢

C{ﬂn’,ﬂN,NN}R = C{Jm,ﬂN,NN}L |L—>R .

The two LECs ¢7¥ and 77" are defined as

ger — ger 4 gﬂN
gzzN _ ger 4 gﬂN (16)

For the sake of convenience, we have marked all currently
unknown LECs including ¢V in bold within the above
formulas.

In this work we will study the different LEFT operators at
the matching scale of A = myy, at which one would usually
match the new beyond the Standard Model (BSM) physics
onto LEFT. The running of the operators down to the scale
of yPT at A, ~2 GeV is described in [10].

C. Relation to literature

A different basis to describe Ovff decay developed first
in [3,4] that is often used in the literature is defined by a set
of 29 dimension-6 and dimension-9 lepton number violat-
ing LEFT operators given by

Gr o
— > e jiJi (17)
/22

for the long-range part with i,k€{V+A,S+P,T;,Tg,}
and

L lan J lmn]ﬂ”] :
9 — szlmn €1 m.]n +€ ;wm.]n

IanlllJﬂm]n 4 elmn‘]/l‘]”ym]n + €éan’;]mjﬂn] (18)

for the short-range part with I, m,n € {L, R}. Here, e}; and
€™ are the Wilson coefficients of the different long- and
short-range operators. The quark currents J are given by1

Jsip =Jgr =u(l £ys)d,
Jyia = J RL — “7”(1 i}’s)d

Jr,, =T = uc(1 £ys)d, (19)

'We keep the two different types of indices for the short-range
currents to stick with the literature.

) 95" C4L

9 9 9
S+ g + ) +

G C) =2 grma(c) + ¢tY)

9 9
el el

(15)
|
and the lepton currents j are given by
Jsep = &(1 £ys)”, Jvia =y (1 £ys)°
jTR.L = égﬂl/(l + yS)VC’ jR,L = 6(1 + ]/5)6
Jro =er'(1£ys)ec. (20)

This framework does not include the dimension-7 operators
of the framework utilized in our approach. While the
remaining long-range part of the two descriptions can be
related easily, the short-range operators are related to each
other via Fierz transformations. One finds that

© _ 20 5 O RRL
G = €3 G =—¢
my my

9 2v 9)/ 2v
el - 2an - 2

my
20
9
o) = 20 (et acgy,
my
9)/ 20
Y = 20 (e st
my
9 20
= 28 efur — ki)
my
9)/ 2’[1
Y = 22 (e acge),
my
16 16
L
my my
16 16
Y =-L0gun, gy = 1O
my my
2 2
=2, =2
my
e g 1)
my N
© _ Y ( 1rr o ;O kR
Cy = — SEERR ),
. <€5 + l3€4 )
=2 (eé“ + iéeffLR>,
N 3
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my N
c¥ — v (eéLR léeiLR>’
mN 3
9)/ v
Cy = - <€§RR i3 effRR>,
CY) = —ai—ellk ) — _ai T eRRR(21)
N my

The main difference between the two set of operators is that
the ¢ basis contains short-range tensor operators instead of
color octets.

II1. DISTINGUISHING THE EFFECTIVE
OPERATORS

Neutrinoless double-f-decay, if observed, would be
characterized by several experimental observables, precise
determination of which can give us some insight into the
underlying BSM physics. Generally, the Ovfpf decay
experiments can be able to determine decay rate, single
electron energy spectrum and angular correlation between
the two emitted electrons. Additional information might be
obtained by studying different # modes or by employing
complementary information from other experiments such
as the LHC [56,57]. In the following, we will discuss
possible ways of experimentally distinguishing among the
32 different Ouvff decay inducing LEFT operators with a
focus on the limiting factors of a potential confirmation/
exclusion of the existence of any additional nonstandard
scenario contributing to Ovff decay alongside the standard
mass mechanism.

A. Phase-space observables

While most experimental collaborations only attempt to
measure the half-life of Ovff decay, some experiments like
NEMO-3 [58], or its future successor SuperNEMO [59],
are designed to also measure the single electron energy
spectrum and the angular correlation of the two outgoing
electrons. These are associated with different electron
currents and within the simplest approximation they can
be calculated analytically. More exact solutions require
numeric calculations of the exact electron wave functions
[60]. The different PSFs G, can be written in the form [61]

(GFVud)4mg/
=———— 156 E,—E;
G mage | S tetE k)
X (hok(€1, €2, R) cos @ + gor (€1, €2, R))
X p1p2€1€2d€1d€2d(COS 9), (22)

GOk

where p;, and €, are the momentum and energy of the
first and second released electron, R is the radius of
the final-state nucleus and E; ; denotes the energy of the

initial- or final-state nucleus, respectively. Here, we denote
the part of the differential phase-space factor independent
of the angle between the two outgoing electrons as gy,
while A, is the angular correlation part proportional to the
cosine of the opening angle 6. Additionally, G4 06,09 have
to be rescaled to comply with the definitions in [9,10] as

G —Go,
04—’2 04

m,R\ 2
G09 - < 2 > Gog. (23)

The relations between the electron wave functions and the
functions hg; and gg, are given in [61] to which we will
refer here. We apply their simplest approximation scheme
“A” assuming a uniform charge distribution in the nucleus.
Using Eq. (22) one can write the angular correlation
coefficient a,/ay which is defined via

dar a;
S 1 4+—cos@ 24
d cos 8dé, a0< +a0COS ) 24
with
g ="M c 0,1 (25)
o
as
ﬂ (é) _ Zi|Mi|2h0i(€’ A[wNuclei —€, R) (26)
ao Zj|Mj|2.ng(€’ AMyyeei — €, R)

Here, AMy,g.i 1s the mass difference between the mother
and daughter nuclei and Qp; denotes the Q value of the
decay. The potential of utilizing the angular correlation of
the outgoing electrons for discrimination between different
mechanisms of Ovff has been discussed, e.g., in [62].
Similarly, the single electron spectra are given by

dI'  (GpV,)*m?
de, 64FT52R2 > IMi2goi(e, AMyyaei — €, R)

X p1P26(AMyNyelei — €). (27)

Consequently, approximating the electron wave functions,
we can easily calculate the expected angular correlation
factor and single electron spectra for each of the 32 LEFT
operators. The normalized single electron spectra as well as
the angular correlations corresponding to each of the six
distinct PSFs are shown in Fig. 1. As we can see, using
these observables the operators associated with distinct
PSFs are in principle distinguishable from each other,
provided substantial experimental accuracy is reached.
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Gox Go> Gos Gos Gos

Goa
A B
“MXAN =
" ANPAMAL =5
"~ P PA
%L~ PPl L~ b

(lower left) and angular correlation coefficients (upper right) in
136Xe that result from the six PSFs which appear in the Ov3p
half-life “master formula.” Red curves correspond to the red-
labeled PSFs on the horizontal axis, while blue curves represent
the PSFs denoted in blue on the vertical axis. The x axis covers
the range ¢ € [0-1].

However, distinguishing among different Ovff mech-
anisms purely based on the phase-space observables has
its obvious limitations. In fact, while G is only induced
in the presence of multiple operators the dimension-6
vector operators both trigger several of the remaining
PSFs. Taking this into account, we can identify four
different groups of operators that are in principle dis-
tinguishable using the leptonic PSF observables, namely:

CifZ,Cgf,)e, the operators corresponding to Gy; and the
ones corresponding to Ggyy. The PSF observables that
result from each of these four groups are shown in Fig. 2.
Here, we can see that the left-handed vector current

operator CQ and the operators corresponding to Gy,
while corresponding to distinct PSFs, are practically
indistinguishable since the CEEL) phase space turns out
to be dominated by the contribution from Gyy. The
remaining groups are distinguishable from each other
using at least one of the considered observables.

Note that while the electron wave functions depend on
the charge of the daughter nucleus as well as on the decay
energy, the general shape of the induced observables is not
very dependent on the choice of the decaying isotope. In
Fig. 3 we show the single electron spectra and in Fig. 4 the
angular correlation coefficients corresponding to the six
different PSFs in four different naturally occurring Ovfp~f~
isotopes.

(6) (6)
Go1 Cu CVR Goo

GOl

(6)
CVL

(6)
CVR

3|

GO9

XN
N

.

T T T T T T

FIG. 2. Normalized single electron spectra (lower left) and
angular correlation coefficients (upper right) for each of the four
distinguishable groups of operators. The shapes are shown for
136X e assuming the naive dimensional analysis (NDA) values for
the currently unknown LECs. However, the particular choice
does not result in a significant difference in the general shape of
the plots. Red curves correspond to the red-labeled operator
group on the horizontal axis, while blue curves represent the
operator group denoted in blue on the vertical axis. The x axis
covers the range € € [0—1].

B. Decay rate ratios

The remaining Ovf3ff observable is the decay rate I itself.
While the phase space can be used to distinguish operators
with different leptonic currents, information about the
decay rates in various isotopes can be also applied to
operators with distinct hadronic structures, as these give
rise to different NMEs. The isotope dependence of the
existing calculations of NMEs can be inferred from
Table II. Therefore, one can study the half-life ratios,

Roax) = X _ T IMP(Ge) PG (Ge)
T0,(1%Ge)  SIM(AX)PGY (*X)
(28)

where T?/"Z (AX) is the half-life induced by the operator O; in
the isotope “X. The sums ;. are taken over all different
PSFs generated by the operator O; and become relevant only
for C\\) yx [see Egs. (B2) and (B3)]. Studying the half-life
ratio allows for elimination of the unknown particle physics
couplings, as was first discussed in [63] and shortly after also
in [64]. Here, we take "%Ge for the reference isotope. To be
able to quantify how well one can distinguish two different
operators O; ; from each other we can take the ratio
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FIG. 3.

134Xe 136Xe

The single electron spectra for four different naturally occurring Ovf~f~ isotopes are shown. While the exact quantitative

curves depend on the choice of the isotope, their shape is mostly independent of this choice. As before, the x axis shows the normalized

electron energy é.

Ay
Rij(°X) = vo iy (29)
Specifically, the ratios R;,, » relating the nonstandard mech-
anisms with the standard mass mechanism will be of interest

to compare the effect of different higher-dimensional oper-
ators and possibly identify the existence of additional exotic

contributions to the Ovf3f rate in experiments. Obviously, two
operators O; ; would be indistinguishable via this method if
the resulting ratio would equal unity, i.e., if R;; = 1. Vice
versa, they would be perfectly distinguishable for either
R;; — co or R;; = 0, that is, for [log;o(R;;)| = co.
Studying the decay rate ratios has several benefits. First
of all, in case only one Wilson coefficient contributes at a
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46Ca 48Ca 134Xe - 136Xe

FIG. 4. Comparison of the angular correlation coefficients in four different isotopes as done for the single electron energy spectra

in Fig. 3.
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TABLE IV. Operator groups that can possibly be distinguished via taking decay rate ratios. The choice of the groups depends on the
knowledge of the LECs. If we set the unknown LECs to zero, the short-range scalar operator groups C ng_ ¢5 become indistinguishable as

well as the short-range vector operator groups 6’&,9) and C §,9>. Improved knowledge of the LECs, assuming no fine-tuning, would allow to

distinguish among these operator groups.

T
R L ]
ch oo A @
/R A . G T
ch oy o e e @

time, it drops out. Therefore, the ratio corresponding to a
certain operator and its Wilson coefficient is a constant that
depends only on the corresponding NMEs, LECs and PSFs.
If more Wilson coefficients contribute at the same time,
then only the overall magnitude can be factored out. In this
case, the relations between different coefficients can, of
course, affect the resulting ratios. However, one can still
utilize this method to study specific models and see if they
are distinguishable from the standard mass mechanism. We
will discuss this possibility in Sec. IV. Additionally, when
taking ratios of the half-lives, one can expect that the
impact of correlated systematic relative errors on the NMEs
decreases as they should (at least partially) cancel. In [65] it
was shown that for the NME calculations using quasipar-
ticle random phase approximation (QRPA) uncertainties
arising from unknown g, quenching and nucleon-nucleon
potentials are correlated among different isotopes. Half-life
measurements in different isotopes as a tool to discriminate
among different mechanisms of Ovff decay have also been
employed previously in [66-69].

Applying this approach to the master-formula framework
one can identify 12 different groups of operators that can in
principle be distinguished from each other. These groups
are summarized in Table IV. However, the distinguish-
ability of the short-range operators strongly depends on the
currently unknown LECs. Taking the most of the unknown
LECs to be zero while keeping ¢35y = ¢i¥ = i =1 (so
that the contribution from the short-range vector operators

is not omitted) makes it impossible to distinguish the short-

range scalar operators C€592)—55 as well as the short-range

vector operator groups Ci/g) and C 5/9).

1. Sensitivity on the unknown LECs

In Fig. 5 we present the expected ratios R as well as the
normalized ratios Rim/;/, defined in (28) and (29) for the

above choice of LECs which will be our benchmark
scenario. The ratios for the € basis are shown in Fig. 6.
Additionally, to study the uncertainties arising from the
unknown LECs, the plots include 1000 points per operator
group that each represent variations of the unknown LECs

g; within the ranges [-v/10,-1/4/10] x|g;| and
[l/m, \/ﬁ] x |gi|, i.e., we vary the LECs within the
range of values given by their expected order of magnitude
shown in Table III. For gV which generates a short-range
component into the standard mass mechanism we take a
variation of £50%. The central values of the variation, i.e.,
the median values, are marked by crosses.

From the upper panel of Fig. 5 one can infer that the half-
life ratios R"# corresponding to the standard mass mecha-
nism are not very sensitive to gV (they are actually too
small to be visible). In Fig. 7 we explicitly show the impact
of varying the ¢’V LEC on the expected half-life in 7°Ge for
the standard mechanism. Again, compared to the impact of
the unknown Majorana phases the effect of ¢V is minor.
However, it is important to note that the impact of ¢\ on
the overall magnitude of the half-life cannot be ignored as
easily. For comparison, we also present the case where
gV =0 in Fig. 7.

For the remaining nonstandard operators, however, we
can see from Fig. 5 that the values of the currently unknown
LECs can have quite a significant impact on the expected
ratios. Often, especially for the short-range C ,(»9) groups, the
central values are significantly offset from our benchmark
scenario with most unknown LECs turned off. Hence, for
these operators the appearance of the unknown LECs has a
significant impact on the corresponding Ovpf-decay rate.

Although for some operator groups, such as Cg)—ss’ the
spread of the values of the ratios obtained by varying the
unknown LECs is relatively small, for other groups like
the short-range vector contributions C<V9) C‘S)) the variation
of the unknown LECs results in a significant stretch around
the central values. For these ratios the precise numerical
value of the unknown LECs is of particular importance.
The different sensitivities of the short-range scalar and
vector operators arise from the fact that for the scalar
operators some of the relevant LECs, namely those encod-
ing pion-pion interactions g7”, are known, while for the
short-range vector operators all relevant LECs are
unknown. Since we do not fix the sign of the unknown

LECs (except g¢gV) there can be a gap within the
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FIG. 5. The decay rate ratios R (upper plot) and R;,, = (lower plot) for the different operator groups are shown. The larger markers

imgy

represent the choice of vanishing unknown LECs with ¢f) = ¢%¥ = @ = 1. Isotopes with a PSF G, > 10~'* y~! are represented by
stars while isotopes with smaller PSFs are represented by round markers. The additional points represent variations of the different
unknown LECs g; randomly chosen from [—v/10, =1/+/10] x |g;| and [+1/+/10, ++/10] x |g;| except for g’V which is varied in a range
of £50%. The crosses represent the central values of the variation, i.e., the median values. The reference isotope is chosen to be 7°Ge.
Note that the variation of g does induce a small variation of R"# which is, however, not visible in the above plot.

LEC-varied ratios resulting in two visible central values for
the operator groups, for which the ratios are sensitive to the
sign of the LECs. The lower part of Fig. 5 which displays
the normalized R;,, ” shows that the central values of the

LEC-varied ratios are closer to O than the benchmark
scenario. Therefore, the inclusion of the unknown LECs
tends to impair the distinguishability from the standard
mechanism.

The above discussion clearly shows the importance of
determining the yet unknown LECs involved in the
calculation. This can be achieved, for example, by lattice
QCD calculations [50,70,71].

2. Distinguishing different operators

When studying the Ouff decay rate the basic question to
ask is whether and how well could a nonstandard con-
tribution be distinguished from the standard light-neutrino
exchange. Employing the half-life measurements in differ-
ent isotopes, one can try to identify those that are most
suitable for discrimination between the mass mechanism
and an exotic Oypf decay contribution triggered by a
particular higher-dimensional operator. In the first row of

Fig. 8 we show the maximal ratios Rg‘,f/j; and the corre-

sponding pair of isotopes obtained for each operator group.
Here, we consider a “representative” scenario by studying

the central values defined as the median ratio R;,, ” of the

range of values obtained from the variation of the LECs. At
the same time, we identify the “worst-case scenario” ratio
defined as the value within the range that is closest to unity,
see the first column of Fig. 8. In this context we consider
only isotopes with existing experimental limits on the half-
life, namely, the following: "6Ge [25], 8Se [26], *%Zr [27],
100Mo [28], 16Cd [29], '%8Te [30], 13Te [31], 3*Xe [72],
136Xe [33] and "°Nd [34]. Figure 8 also presents all the
other ratios R{™ quantifying the mutual distinguishability
of all the operator groups with the values corresponding to
the representative scenario above the diagonal and the
worst-case scenario below the diagonal. In addition, the
dashed lines in Fig. 8 mark the pairs of operators that could
be discriminated using the phase-space observables.
Considering the central values, the nonstandard long-

range operators C(Vﬁ,l and C(SG\Z ) give the most distinct half-
life ratios compared to the standard mass mechanism while

the remaining long-range operator groups C§,6L) and C§~6 )
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the minimal neutrino mass m,;, for both normal (NO) and
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phases. The blue and red contours show the possible half-life
ranges when only the phases are varied, while g\V is fixed.
Additionally, the black contours correspond to g’V = 0.
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(lower plot) for the different operator groups in the ¢ basis similar to Fig. 5 are

also result in sizable Rj" > 2. Additionally, both C g,éz and

»
Cgf}e could be identified by measuring the angular corre-
lation of the emitted electrons. The nonstandard short-range
operators generally tend to have lower values of the ratios
R;‘,‘jﬂ"ﬁ < 2; thus, there is less potential for identifying their
contribution by experiments. However, the short-range

vector operators C&?) and C‘&,g) are associated with a

different angular correlation than mgg. On the contrary,

the contributions from scalar short-range operators ngz)—ss
would be hardest to discriminate, as they do not manifest
any significant isotope dependence on R;,,  and do not

differ in the phase-space observables, either.
In the worst-case scenario, the operators in the group

C(S6_§,7 ), i.e., lepton number violating long-range scalar and

vector interactions, are the only operators that result in
R7™ > 2. 1In fact, this is the only operator group that is not
pp

affected by any unknown LECs. Besides C(T6 ) all remaining

operators in this setting have expected ratios R < 1.3,
o

which would require very precise measurements and
accurate knowledge of the theoretically calculated half-
lives to be able to claim a detection of any of these

nonstandard contributions. The contributions from
C@,CE?) and C‘E/g) could be identified only based on

measurements of the angular correlation and the scalar
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FIG. 8. The maximal ratios Rj}** for all operator combinations i, j. The exact values and the corresponding isotopes are displayed
in each tile. Additionally, operator combinations that result in different phase-space observables are marked by dashed-line shading.
In the upper right half of the plot we show the ratios considering the central values from the variation of the LECs. In the lower left
half we show the worst-case scenario considering the values of ratios R;; that are closest to 1 within the range obtained by the

variation of the LECs.

short-range operators, ngl), would be completely indistin-

guishable from the standard mechanism. In Appendix C we
show for completeness the same results employing the full
set of isotopes, for which there exist numerical values of
NMESs computed using IBM2.

To be able to pinpoint the specific nonstandard operator
group O; contributing to Ovf decay one needs to consider
half-life ratios R;; for all different isotopes. Considering the
central values, the best candidate to be clearly identified

turns out to be the right-handed vector current C§,6,)e for

which all the ratios Rf‘é*‘(’g) are large, i.e., 27.6.
tCyg

3. The impact of nuclear uncertainties

The uncertainty induced by the nuclear part of the decay
rate calculation, i.e., the NMEs and LECs, highly impacts
and limits the above approach of distinguishing among
different Ovff mechanisms. The approach of comparing
theoretically predicted ratios with experimentally measured
ratios raises the question of how well these theoretical
uncertainties must be under control.

To study the impact of nuclear uncertainties, we can use
the general formula for the half-life parametrized in terms

of a Wilson coefficient C, the phase-space factor G and an
effective NME which we label M .,

12 = |CPGIMg . (30)
Here, M is, generally, a weighted sum of combinations of
different LECs and NMEs (see Appendix B for the explicit
half-life equations of each single operator).

If we consider the theoretical uncertainty of the half-life
to be dominated by the uncertainty of M.y, we can
determine the necessary theoretical accuracy of the nuclear
physics. To estimate this, we assume M to be indepen-
dent of the choice of the isotope, i.e.,

A]‘leff (AZ) _ AMeff

= const.
Meff Meff

(31)

Then the necessary theoretical accuracy can be determined
from the simple condition that the expected ratios should
be distinguishable from unity within the theoretical
uncertainty,

!
AR; <|R; — 1. (32)
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Hence, the necessary theoretical accuracy for M reads

AM éURij -1
Meff 4 Rij

(33)

Again, taking the central values as a baseline, the theo-
retical uncertainty on the overall nuclear part (that is from
both LECs and NMEs) would need to be brought down to

%:f“ ~ 7% to be able to identify all possible nonstandard

contributions assuming single operator dominance. The
exotic contribution easiest to identify using the half-life

ratios would be the right-handed vector current Cgf,)?
requiring an accuracy of AML;“ ~22%. We want to empha-

size, again, that this way of estimating nuclear uncertainties

Reaching the estimated required accuracy on both LECs
and NMEs seems to be rather challenging considering the
current status of the relevant nuclear physics calculations.
However, the recent advances in ab initio approaches to the
computation of Oypf decay NMEs seem to pave the path
towards more reliable numerical values and clearer under-
standing of the theoretical uncertainties involved.

C. Other 0rff modes

Besides the usual Oy~ f~-decay mode one could also
make use of searches for neutrinoless modes of other ff
processes. In general there are four of these,

I pp

assumes that our calculations of the central ratios are a (A, Z) > (A, Z+2)+2e (+20,)  (34)
reasonable reflection of reality.

In Fig. 9 we show the NME for the standard light- A ! 0 35
neutrino-exchange mechanism computed employing a m= (35)
variety of different numerical approaches. One can clearly s
see a significant variation of about a factor of ~3 with some @ pp
additional outliers corresponding to the rEDF (CDFT)
approach. Given the distinct nature of individual nuclear (A,Z) » (A, Z-2)+2e"(+2u,)  (36)
structure computations the spread of the presented values
clearly cannot be interpreted as theoretical uncertainty of !
the NMEs. Am > 4m, (37)

161
O SMI[54] PNQRPA[57]  + rEDF [60] — IBM2[44]
O tpSM[55] X dQRPA[58] rEDF [61] [> ab Initio GCM-IMSRG [63]
14 rSM [56] X dQRPA [59] nrEDF [62] > ab Initio VS-IMSGR [64]
+
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FIG.9. Comparison of the standard NME M, = — H%M r + Mgr + M7 resulting from different calculation methods. Explicitly, we
A

show NMEs obtained from the interacting shell model (SM) [73] and subsequent variants like the triaxial projected shell model (tpSM)
[74] or realistic shell model (rSM) [75], the proton-neutron quasiparticle random phase approximation (pnQRPA) [76], the deformed
QRPA (dQRPA) [77,78], the relativistic energy density functional method (rEDF) or covariant density functional theory (CDFT)
[79,80], the nonrelativistic energy density functional method (nrEDF) [81], the interacting boson model (IBM2) [12] and recently
introduced ab initio approaches calculating NMEs from basic principles of yPT [82,83]. The gray bands mark the range of values

covered by the different methods.
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(3) ECB*:

(A,Z)+e —- (A, Z-2)+ et (+2v,)  (38)

Am > 2m, (39)
(4) ECEC:

(A, Z)+2e = (A, Z-2)(+2v,)  (40)
Am>0 2v mode (41)

Am=0 Ov mode. (42)

Here, EC denotes electron capture. In principle, one could
study all of these processes, as any of them would help to
distinguish different mechanisms using the decay rate ratios
considering nuclear uncertainties to be under control.
However, all the other Bf processes listed in Table VI
are expected to have half-lives significantly longer than the
usual Ouvf~f~ decay and are therefore unlikely to show up
in experiments. Despite that, let us discuss their potential
role in a bit more detail.

1. Oup*p*

This process can be treated in a similar way as the usual
Ovp~p~ decay, one only needs to consider a negative
nuclear charge Z — —Z to calculate the positron wave
functions. As such, the expected half-life will also be
mainly determined by the PSF which goes with Q7.
Looking at the second column of Table VI we can see
that the Q values for naturally occurring isotopes are up to 1
order of magnitude smaller than usual Ouvf~f~ Q values.
Additionally, the electromagnetic repulsion of the outgoing
positrons deforms the wave functions and decreases the
decay rate. Thus, we see that Oyg*f" will be highly
suppressed compared to Ovf~f~. Also, given the similar-
ities of the two decays there does not seem to be a natural
way of enhancing the Ouf* " -decay rate with respect to
Ovp=p~. The relevant PSFs for the Ouf*p* decay of
naturally occurring isotopes have been calculated in [84]
and are about 3-5 orders of magnitude smaller than for
Ovp=p~ decay.

2. WECB*

The PSFs for the neutrinoless mode of ECS+ were also
calculated with good precision in [84] and are found to be
3—4 orders of magnitude smaller than those corresponding
to Oyp~p~ decay. The reason is the same as in the case of
Ouptp+ decay.

3. WECEC

As this process has no particles other than the daughter
isotope in the final state, mass degeneracy between the
mother and daughter isotopes is required in order to satisfy
conservation of energy and momentum. However, as the
daughter isotope is a nonstable state due to the holes left in
the electron shell after the electron capture, the correspond-
ing decay width results in a resonance mechanism [85,86].
Resonances are often found when considering nuclear
excitations in the final state isotope. However, the resonant
enhancement strongly depends on the degeneracy between
the initial and final state and hence small uncertainties in
the mass measurements of these nuclei result in consid-
erable uncertainties of the corresponding half-lives [85].
Existing studies tend to show that the resulting half-lives
are still considerably longer than for Ouvf~fp~ [86].
Therefore, we do not consider this process in this work.
However, it is fair to note that a close resonance might lead
to half-lives comparable or even shorter than for Ovf~f~
decay. Recently, it was shown that further significant
enhancement of the OvECEC decay rate can be generated
by a nonresonance shake mechanism [87]. In this case, the
double electron capture is accompanied by emission of an
electron from the shell of the final state isotope, which can
carry away energy, thus making the whole process less
dependent on the resonant behavior. A dedicated review of
the OVECEC decay can be found in [88].

4. Bound-state Ovpf

Bound state Ovpf decay refers to a decay in which one
or both of the two outgoing electrons end up in a bound
energy level of the daughter isotope. It is usually referred
to as OupEP and OvEPEP for the one and two bound final
state electrons, respectively, with EP denoting the elec-
tron production or electron placement. Being a reverse
process of OvECEC, also OvEPEP requires mass degen-
eracy of the initial and final nuclei and the decay rate is
described by a resonancelike mechanism. The explicit
calculations show that the corresponding half-lives are
even longer than those of double electron capture [85].
The reason is that there are no electron holes in the shell
and only the (small) decay width of the nuclear excitation
enters into the resonance.

The single bound state double-f-decay OuvfEP was
investigated in [89] and found to have PSFs 6-7 orders
of magnitude smaller than those of Oyf~fp~ decay. The
decay rates can be significantly enhanced when considering
fully ionized nuclei. In that case, the OvfEP decay rate can
for certain isotopes even exceed the one of Oyf~f~ decay
[89]. Although this is an interesting idea, a full ionization of
large number of isotopes represents an experimental
challenge. Therefore, despite the enhanced decay rate,
the number of available ions would be too small to reach
the relevant experimental sensitivity.
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5. Decay to excited final state nuclei

Instead of utilizing different isotopes to determine the
decay rate ratios one could also compare the ground state
decay with the decay into an excited state final nucleus
(0,27) using the same initial state isotope [90,91]. The
potential benefit would be the possibility of studying this
interplay within a single experiment. However, the excited
state decays can be again expected to be highly suppressed
due to the smaller phase space resulting from the smaller Q
value. Additionally, previous studies tend to show that the
NMEs for the decay into the excited final state are either of
a similar size or smaller than those for the ground state
decay [91-93], thus the half-lives would be rather further
suppressed than enhanced by the nuclear part of the
amplitude either.

6. Artificial isotopes

Although there are 69 naturally occurring double-f-
decaying isotopes, we found about ~2700 possible Ovff
candidate isotopes when considering the full NIST list of
elements [94]. Some of them have considerably larger Q
values of up to 50 MeV.”> While such a large Q value of
~50 MeV would result in a significant enhancement of the
decay rate by ~8 orders of magnitude, there are several
fairly obvious experimental problems. Primarily, it is the
artificial production of these isotopes which would strongly
limit the scale of the experiment. Again ton, kilogram
and even gram scales would usually not be possible.
Additionally, many artificial isotopes, especially those with
large Q values, come with additional decay modes that
strongly dominate and often lead to extremely short half-
lives such that storing them to study Ovff decay would be
impossible.

To sum up the above paragraphs, despite the fact that a
variety of 3 processes exist, Ovf~f~ decay is largely the
most relevant candidate to study, indeed. Therefore, other
possible Oy modes would only become relevant in exotic
scenarios leading either to their significant enhancements,
or to strong suppression of Oyp~f~ decay. Given the
similarity of all the ff processes, such models would,
however, seem to be rather unnatural from a particle
physics point of view.

IV. DISTINGUISHING SPECIFIC MODELS

Following the discussion of possible discrimination
among different LEFT operators, let us now have a brief
look at complete models. As one would expect, lepton
number violating BSM models will typically excite several
LEFT operators at a time. While it would be challenging to
identify a specific BSM model, as no finite set of BSM

*Considering only isotopes without a single-f-decay mode
already significantly reduces this number down to 86. None of
these has, however, a significantly enhanced Q value.

models exists and many different scenarios would result in
the same low-energy physics, we do expect that, given
fixed model parameters, one can at least check whether a
model is consistent with the observed data and reject it if it
is not. In the following paragraphs, we adopt and briefly
discuss three different BSM scenarios that would lead to
Ovpp decay. Each of the models will be compared with the
standard mass mechanism predictions.

A. Minimal left-right symmetric model

The Standard Model is a chiral theory. That is, parity is
explicitly broken due to the gauged SU(2), symmetry and
the missing right-handed neutrino. This particular choice of
symmetries and particle content, additionally, results in
vanishing neutrino masses. A simple approach to resolve
these phenomena is to extend the Standard Model’s gauge
group to a left-right symmetric model SU(3). x SU(2), x
SU(2)gr x U(1)g_; [95-97] which is spontaneously broken
to the Standard Model group SU(3) x SU(2), x U(1)y.
A comprehensive review of the minimal left-right sym-
metric Standard Model (mLRSM) is given in, e.g., [98].

Extending the Standard Model to the left-right symmet-
ric theory requires the existence of additional scalars and
fermions. The conventional minimal setting includes two
scalar triplets A; € (1,3,1,2) and A € (1,1, 3,2) as well
as a scalar bidoublet ® € (1,2,2*,0) incorporating the SM
Higgs doublet and the right-handed neutrinos vg. The
fermions are grouped into left- and right-handed doublets,

L= (UL> €(1.2,1,-1), Q.= (ZL> €(3.2,1,1/3),
e

L L

(43)

LR:<”R)e<1,1,2,—1>, QR=(ZR)e<3,1,2,1/3>,

(44)

which under U € SU(2); p transform as
lPL,R - UL,RTL,R (45)
while the scalar fields transform as

b - ULQU;-Q, AL g ULALUZ’ AR = URARU;

(46)

There are two discrete symmetries that one can impose onto
a LR symmetric theory which can relate left- and right-
handed fermions. These are parity P and charge conjuga-
tion C [99]. Thus, one can define two different discrete
symmetry transformations:

P ¥, &Y,

D o Df, Appe Mg (47)
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C: ¥, & (¥r), D & DT, Apgp e Agp. (48)
Requiring either P or C invariance results in different
constraints on the scalar potential as well as the Yukawa
coupling matrices [99].°

The lepton number violation at low energy stems from
the leptonic Yukawa interactions given by

LY - _Z{(YIT)UL_UCDLRJ + (Yﬁ)ijL_Lid)LR,/
ij

+ Yl.LjL{JCirzALL L+ (YR )I-J-LITQJCiTzARL r,;t+Hc.

(49)
After the neutral components of the scalars have acquired
their VEVs,
1 /x O
D) =— )
< > \/E ( 0 Klei )
1 0 0
A)=—— , ,
(Ar) V2 (vLeIQL O>
@o=7( o) (50)
ki \/§ VR 0 '

one can infer the neutrino mass matrices from (49)

MY, —L[Yllc—i-f/l K exp —i
D,ij = ij ij p —ial,

V2

My =2Ytv, expify,

My ;= V2YEug. (51)

There are several diagrams in the mLRSM setting which
can contribute to the Ovff decay at tree level, see Fig. 10.
Detailed discussions of Oypf decay within the mLRSM
scenario can be found, e.g., in [8,18,23].

The matching of the C-symmetric mLRSM onto SMEFT
and, subsequently, onto the relevant LEFT operators has
been discussed in [10]. Here, we will summarize their
findings and study the distinguishability from the usual
mass mechanism.

Integrating out the heavy fields with masses proportional
to v and matching the theory onto SMEFT results in the
lepton number violating operators,

Lay = CO((LT Cir,@gp) (PlyL)) + (LTV”eR)iT2q)SM(C(7)u5¢?R7yuR + ClapePhyits (D, Psm))

— . 9) I 9 N . -1 9 . =
+ eReR(Cge)uduRyﬂdRuRdeR + CiegudMRWdR([lqu)SM] Do) + Cie)d)D([lDﬂq)SM]TcDSM)z)’

where ®g), is the Standard Model Higgs doublet. The
matching scale corresponds to ~my,  and the Wilson
coefficients at SMEFT level are given by

1
CO) = — (M, My~ My, = M),

v
V1

7 u * 12 [ Zd
CE‘E)MEQD o T/U%Q (de) (MDTMR l)ee’
7 2ifexpia o
L®De — W Leud®’
O __ L | i 2 ap
Ceeud__ﬂVRz (MR) 1+KMR s
R
9 Eexp—ia 9
Cie)@ud =—4 ©)

(1+§2)V§$d eeud’

© A Eexp-2ia o

ee = T 2w ud2 Ceeud (53)
oD (1 +§2)2VRd2 d

*Note that a combination of both does not fit observational
constraints [99].

Le
(52)

[
where v is the Standard Model Higgs doublets VEV,

v’ =K> 4 K. (54)

Here, C©® corresponds to the usual seesaw formula. From
the matching scale ~my,, the above coefficients have to be
evolved down to my ~ 80 GeV, at which one can match
onto the relevant LEFT operators by integrating out the
remaining heavy particles with masses above my,. By doing
S0, one obtains

mﬂﬂ == —Uzcgse)
3
6 ud Y 7 *
C(VL) = _ledﬁC(L!;)De )
3
=2

9 " 9

C(IR) (mW) =0 VLdzcéelDD(mW)v
9 9

i (my) = o3, (my),

9 ud (9
Cfm)(mW) = _VSVLdCi-e)zbud(mW>-

(55)
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d U
Wy,
o
v; N;
o
Wy
d U
d U
Wr
-
v; N;
-
W
d U

d u
Wr
-
v; N;
—
Wr
d u
d U
Wi(r) ‘
AL(r)
Wr(r) B
e
d U

FIG. 10. Feynman diagrams arising in the mLRSM that contribute to Ovf3f. Here, v; and N; represent the light and heavy neutrino mass
eigenstates. It should be noted that, due to mixing of both left- and right-handed neutrinos and gauge bosons, each diagram (except the
triplet-exchange diagram) comes with all possible combinations of the outgoing particle’s chiralities. However, some diagrams are

highly suppressed compared to others.

Evolving the above coefficients down to the yPT scale of

~2 GeV also generates a nonzero C gg coefficient since the

renormalization group equations of Cfs) mix.

The relevant Wilson coefficients are fixed by several
physical parameters: the values of the triplet VEVs v; p, the
mass of the heavy right-handed triplet m,x as well as the
masses of the three heavy neutrinos (m,, ,m,,m,, ) and
the lightest neutrino mass m, ., the complex phases of the
VEVs a and 6; and finally the left-right mixing parameter
&. Here, we fix & = %f The lightest neutrino mass together

with the squared mass differences Am%j that are known

from oscillation data fix the remaining light neutrino
masses for a given mass hierarchy. Taking

War i) = ZUZi|ViL,R> (56)

we obtain

M, = v?CB) = UPMNvaUlj;MNS

m,, = diag(m,,,m,,.m,,), (57)
and

Ml;? = URvaU;;

myg = diag(m,, ,m, .m,,.). (58)

Additionally, the mixing matrix U for the heavy neutrinos
must be fixed. Here, we take Up = Upyns for simplicity. In
the C-symmetric case, one has

my = PP e (59)

and the Dirac mass matrix can be derived as [100]

MY, = Uppinsmy, \/—UL ez,i) 0L W 33) = mogm, Upys-
(60)

Assuming V4! = V4 and

m,, =10TeV, m, =12TeV, m,, =I13TeV

my, =4TeV, v, =01eV wvp=10TeV (61)

as in [10], we can derive the LEFT Wilson coefficients in
dependence on the minimal light neutrino mass m,,, the
Majorana phases entering Upyng and the VEV phases 0,
and a.

The resulting phase-space observables in this parameter
setting of the mLRSM are hardly any different from the
standard mechanism. This is because of the specific choice
of parameters studied here which results in the scalar short-
range contributions dominating over the long-range
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FIG. 11. Half-life ratios resulting from different mLRSM settings (different neutrino mass hierarchy and different minimal neutrino

mass) when taking 7°Ge as the reference isotope. The ratios are compared to the standard mass mechanism. We vary both the unknown

LECs as well as the unknown phases of the mLRSM model.

contributions. Hence, the phase space is almost indistin-
guishable from the standard mechanism.

The resulting half-life ratios normalized to the standard
mass mechanism are depicted in Fig. 11. Here, in additional
to varying the unknown LECs we also marginalized over
the unknown phases. We can see that assuming inverted
mass ordering there are only minor variations from the
standard mechanism. In the case of normal ordering, the
nonstandard contributions alter the ratios notably only for
small m,,;, < 1073 eV. In this region, as shown before in
Fig. 5, the central values of the variation differ significantly
from the benchmark scenario. A similar behavior is
manifested in Fig. 12 displaying the half-life in dependence
on the minimal neutrino mass m,;, for both orderings and
in comparison with the standard mechanism on its own.
One can see that in the case of inverted ordering the half-life
is almost unaltered from the standard mechanism while for
normal ordering the nonstandard contributions start to play
a substantial role below ~1072 eV decreasing the expected
half-life by about 1 order of magnitude compared to the
standard scenario. In the same range of m,;, the uncer-
tainties induced by the unknown LECs start to significantly
influence the predicted half-life. On the other hand,
the central values of the decay rate ratios alter for
Mpin < 1073 eV at most by a factor of RE™ ~2.2 with

7%Ge as the reference isotope. The reason for this behavior
can be traced back to the dominance of the short-range
contributions which (see Sec. III) result in relatively small

: (6)
Rim,, despite the appearance of Cyp.

translate to a necessary accuracy on the nuclear part of the
amplitude of %ﬁ“ < 14%.

This ratio would

B. Gluino and neutralino exchange in R,-SUSY

Supersymmetric theories contain supermultiplets of
fermions and bosons which, under supersymmetry, trans-
form into each other. The most simple constructions are
chiral supermultiplets

035022-

(Prr- Pf ) (62)

which relate two component chiral spinors (¥; ) and a
corresponding complex scalar @, g. To construct a super-
symmetric version of the Standard Model, one also needs to
consider gauge supermultiplets
(Ag, ) (63)
which relate the Standard Model’s gauge bosons Ay, to their
superpartner fermions W¢. One should note that since gauge

1030

10294

100

1027

[t12[y]

10264

1025

1072 107! 10°

Mpin [€V]

1073

FIG. 12. Here we present the half-life of °Ge in the mLRSM
model in dependency on the minimal neutrino mass m,,;, for both
normal (NO) and inverted ordering (IO). The blue and red areas
represent the scenario marginalized over the unknown phases
with the LECs fixed to their order of magnitude estimate while
the scattered points show the additional variation of the relevant
LECs. The area inside the black borders represents the usual mass
mechanism without any additional contributions.
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bosons have 2 degrees of freedom (d.o.f.) and since this
kind of transformation obviously cannot change the num-
ber of d.o.f., their superpartners W* also have 2 degrees
of freedom. Therefore, they are Majorana fermions. As
particles within a supermultiplet must share the same mass,
quantum numbers (except spin), interactions and couplings,
supersymmetry (SUSY) must be broken at low energies to
reproduce the experimentally confirmed SM predictions.
Typically, after SUSY breaking there remains a discrete
symmetry called R parity (R,) which can be assigned to
every field, such that we have R, = +1 for Standard Model
fields and R, = —1 for the superpartner fields. One can
define R parity as [101]

R, = (=1)>+3B-L), (64)

P
where s is the spin and B and L are the corresponding
baryon and lepton numbers of the field, respectively. If R,
is a conserved quantity, it follows that the lightest super-
partner cannot decay such that it becomes a candidate for
explaining the origin of dark matter.

However, R, conservation also comes with the con-
servation of both baryon and lepton number [101]. Thus,
supersymmetric models aiming to explain the baryon
asymmetry of the Universe via explicit violation of either
lepton or baryon number need to break R,. This induces
new lepton number violating terms [102],

o e\ L i}
E;‘(Lzl =-V1n {(W dR)( t >dR + (a’ﬁ)dR< iy >

C I
14 _UL _dL

+ (W,dL)dR< E; )] +H.c., (65)

*
_l/L

which can contribute to Ovfpf decay. Contributions to
Ovpp decay from R,-SUSY have been studied first in
Refs. [102,103], the corresponding Feynman diagrams are
shown in Fig. 13. The relevant gluino (§) and neutralino
(y)-fermion interactions are given by [102,104,105]

29
Ly ==V20;) = (@5 ~ Tx"5) + He.  (66)

and

4
L, =v2g, Z(GU(\P)TLZ;'\PL +eri(¥)Vrri¥r+) + He.

i=1

(67)

One can obtain the low-energy effective Lagrangian by
integrating out the heavy superfields as well as the Standard
Model particles with masses Zmy,. In doing so, one finds

the different low-energy effective dimension-9 AL =2
operators that contribute to Ovff decay [103]:

SF (214 75)ef)

[:KI’ - 2mN
x [mﬁm)(m(l +A)da(1 +7)d
- {0 (14 )i, 1+ 7))

T (e 4y =)0 4 7)) +y5>d1} ()

These can be matched onto the LEFT basis as

9 2v
Cod' == [2n; + 2, + 1,5 + 1) — 1,7
my
9 4p
C' ==—lns +n,). (69)
my

The coupling constants are given in terms of gluino,
neutralino and squark masses as [102]

er i=1 Xi
’/’/l~ 2
d ot
+€Rl(u)€Ll( )<m1}L>
m- 2
+emtulen(e) ()] (70)
mg,
with
2 N
P e (71)
3 Gpmak

Both gluino- and neutralino-exchange diagrams contribute
to the same low-energy operators. As pointed out in the
previous section, distinguishing between the different
contributions triggered by ngR)/ and Cg;)/ is practically
impossible due to the unknown LECs. Given that both
operators contribute only to Gy, the phase-space

035022-19



GRAF, LINDNER, and SCHOLER

PHYS. REV. D 106, 035022 (2022)

B u
g/x
u
d ! e
~ 6_
e
u
b%
| 67
€L
d ! n
~ 67
d
A
u
g/x
~ e_
d
A
u

FIG. 13.
Model [102].

observables do not provide any additional information
either. For completeness, we present the ratios normalized
to the mass mechanism in Fig. 14. Clearly, the R,-SUSY
model we consider here follows the same pattern as the

scalar short-range operators Cg and ngl already dis-
cussed in Sec. III. In Fig. 15 we show the expected half-life
assuming the simultaneous existence of the standard mass
mechanism and the R,-SUSY induced mechanisms. Here,
we assume the masses of the non-neutralino superpartners
to be given by the current experimental limits, i.e.,
m;, =410 GeV, my, = 1600 GeV with ¢ € [u,d] and
my = 2260 GeV [106]. We fix the neutralino masses by
requiring that the applied EFT framework holds, which
necessitates m, > A, ~2 GeV. For simplicity we take
m, =2 GeV and m, — oo for i # 1. Lighter neutralino
masses in connection to Oyff have also recently been

d T U
L
| o
X
o
e
d : U
d T e~
i
‘ U
X
o
L
d ! u
d T e~
i
‘ u
g/x
U
i
d : e

Feynman diagrams of gluino and neutralino exchange contributing to Ov3f within the R ,-minimal supersymmetric Standard

studied [107]. We set the coupling constant to
My =2x 107, Similarly to the mLRSM discussed
above, the additional nonstandard contributions hardly
affect the inverted ordering setting. However, in the normal
ordering case the nonstandard contributions from the
R,-SUSY model start to significantly influence the
expected half-lives decreasing them, again, by about 1
order of magnitude. While one would naively assume that
this should result in significantly enhanced ratios, it is
important to bear in mind that any enhancement in the
decay rates which is independent of the isotope of interest
will drop out when considering the decay rate ratios.

C. Leptoquark models

Leptoquarks (LQs) are hypothetical bosons (3,X,Y)
with nonzero color charge which couple to both quarks and
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FIG. 14. Half-life ratios resulting from the R,-SUSY contributions to Oy normalized to the standard mass mechanism.

leptons. They appear in numerous Standard Model exten-
sions such as technicolor and composite models [108,109]
or grand unifications [110,111] and can be used to generate
neutrino masses at the one-loop level [112]. For a com-
prehensive review on leptoquarks see, e.g., [113].

Ignoring leptoquarks which do not directly couple to the
Standard Model’s particle content (i.e., without right-
handed neutrinos), one can add up to ten different lep-
toquarks obeying the Standard Model symmetries [114].
These are summarized in Table V. By looking at the
relevant Feynman diagrams in Fig. 16 we can see that
the contributions to Ouff decay arise from leptoquarks with
Q) = +1/3 [Fig. 16 (left)] and Q® = +2/3 [Fig. 16
(right)]. The full set of renormalizable LQ-fermion inter-
actions is given by [114]

1030
102°

102847

Lsp= (28,50 [ iPre;] + (ﬂf{))iﬁé [d°;Pre;]

R
+ (45,

+ (j‘go)us([)lt [@iPLiTZLj] + (/IL

(),

and

’vaf = (/lso)ijvg/j[gi}/ﬂPRej] + ()“R

+(43,,)

R
+,,

i

J

Vv
j

tj

S1)2

@ZPLZ’ZQS{L]] +HC

Vo

v [dci}’”PLLj]

1/2u

+ (%,/z)ijvf/-rzﬂ[QCiV”PRej]

+ (/I\L/] )” [QiyﬂPLV

)
e

] +H.c.

), SKhEPLL ]+ OF ) S ldiPy L)

)iij/Tz[@iPRiTZej]

(72)

), V8 Pre)

) Vipl i PLLy) + (45,), Vo, [0 PLL)]

(73)

for the scalar (S) and vector (V) leptoquarks, respectively.
We follow the notation of [114] distinguishing leptoquarks

TABLE V. List of possible scalar and vector leptoquarks

‘E 1027 and their transformation properties under the Standard Model
) symmetries [114].
205 LQ Q) SUB)c SUQR), Ul)y Q0
So 3 1 -2/3 -1/3
1075 So 3 1 -8/3 -4/3
Si2 3 2 -7/3 (-2/3,-5/3)
S 3 2 -1/3 (1/3.-2/3)
e 103 102 101 100 Sy 3 3 -2/3 (2/3,-1/3,-4/3)
Mimin [€V] Vo 3 1 —4/3 -2/3
FIG. 15. Half-lives in 7%Ge for the standard mass mechanism "0 3 ! ~10/3 -5/3
accompanied by the exchange of heavy neutralinos and gluinos Vip 3 2 -5/3 (=1/3,-4/3)
in the R,-SUSY with Ay, =2x107%, m;, =410 GeV, \71/2 3 2 1/3 (2/3,-1/3)
mg, . = 1600 GeV, mg = 2260 GeV, m, = A)( =2 GeV and Vl 3 3 _4/3 (1/3’ _2/3’ _5/3)
m,, — oo for i # 1.
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coupling to left-handed and right-handed quarks. In addition to the LQ-fermion interactions, one can write down the gauge

invariant and renormalizable LQ-Higgs interactions,

Lroo = s, @81 28) + by @V Vi, + hs, ®TS,S1 )5 + hy OV, o, + Y

R
+Yy,, (q)TV’f;z)(Vl/zu

=Y (oM - gl @)Qi ik,
Q

where the leptoquark triplets are defined as

Vi= ZT:'VU Sy = ZTiSU- (75)

1 1

These LQ-Higgs interactions are essential when consider-
ing contributions to Ouff decay because they result in
nonzero correlation functions for, e.g.,

<56§1/2> & ZNSf]?NS,/zi’ (76)
T

where N is the mixing matrix which diagonalizes the
mass matrix N7 M?N = MG, and I = N1 are the mass
eigenstate fields. This particular example results in con-
tributions captured by the right diagram in Fig. 16.

After integrating out the heavy LQ degrees of freedom
and rearranging the resulting EFT operators via Fierz
transformations, one arrives at the effective low-energy
four-fermion interactions. The parts of the low-energy
Lagrangian relevant for Ouvff decay are then given by [114]

Lo =ePw ]{ S [aPgd) + —2 [aP d]}
LO L M?g‘ R M%, L
— [ey"Pr1° {( > u}/”PR
ﬂ<“5+ae>[— Pd}}—i—Hc (77)
- — +—5 | |uy .C.,
MET MR )RR

with the low-energy Wilson coefficients

V(S)

w
d u

@) + Y, (@'S]@)S, + Yy (

(®75},,)(5],®)

STV} @)V + ki(D'S®) ST + ki, (@ V@)V, T + He.

1u

(74)
|
er =208 (94a(Q)) +1v264,(07))
1 04,,\V43\&1 M 41\&1
=45 05(0))] (78)
L _ il
Ak iy 7,27, 024(07).
R _
ar = r 10 1]/7 (Q1> (79)
where
/ M;
k Iy
Here, “common mass scales” Mg and My have been

inserted for convenience. It should be noted that the exact
choice of Mgy does not matter as they drop out. However,
the exact LQ masses do enter into the calculation such that
for leptoquark masses which are about the same order of
magnitude one can choose My to represent the suppres-
sion factors. Looking at Eqgs. (78) and (79), there is a priori
no reason from, e.g., naturalness arguments why any of the
low energy coefficients a; and ¢; should be suppressed or
enhanced compared to the others. However, if the LQ
interactions arise from a more complete model or if simply
not all possible LQ interactions are realized in nature,
hierarchical structures might appear. We will therefore
study different settings in which some couplings dominate
over the others. From Eq. (77) we can match the Wilson
coefficients in Eqs. (78) and (79) onto the LEFT basis
arriving at

d e
V(S)
u
o
W
d U

FIG. 16. Feynman diagrams of the vector (V) and scalar (S) leptoquark interactions contributing to Ovfp.
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FIG. 17. Angular correlations (upper right) and single electron
energy spectra (lower left) resulting from the different LQ
contributions as well as the standard mass mechanism in
136Xe. The unknown LECs are set to their order-of-magnitude
estimates. The specific choice of the isotope does slightly
influence the shape of the angular correlation.

We study the following seven different settings of LQ
contributions to Ovff decay:
(1) Full LQ model: e =€y =ak =af =al, =af =1
(2) Scalar LQs (S): e =ak =af =1
(3) Scalar LQs coupling to left-handed (LH) fermions

(SL): ak =1
(4) Scalar LQs coupling to right-handed (RH) fermions
(SR): af =11

(5) Vector LQs (V): ey = ay =af =1

(6) Vector LQs coupling to LH fermions (VL): a‘L, =1

(7) Vector LQs coupling to RH fermions (VR): af = 1.

The left-handed scalar (SL) and left-handed vector (VL)
models result in the same low-energy physics because they
match onto the same LEFT operator. The same is true for
SR and VR. In Fig. 17 we show the corresponding single
electron energy spectra and angular correlations corre-
sponding to each of the above models and compare them
with the standard mechanism scenario. When setting the
unknown LECs to their order-of-magnitude estimates we
find that except for the vector (V) scenario all other models
give shapes distinguishable from the standard mass mecha-
nism for at least one phase-space observable. The resulting
half-life ratios normalized to the neutrino mass mechanism
for each of the above scenarios are shown in Fig. 18. Except
for the SR and VR cases, for which the central values
suggest somewhat weaker distinguishability, we find that
the central values match fairly well the chosen benchmark
scenario. Nonetheless, the spread in R;,, ” is still significant

c — 1)_2 ¢ for the full model as well as the SL and VL models.
SL M3, v Considering the central values, the highest ratio when
6 02 taking 7°Ge as the reference isotope is realized in the
CgR) Wes vector model with R% ~4.5. Again, assuming that the
§ . calculated central values of the half-life ratios represent a
CE/GL) — V22 ( a5 + Ay > reasonable estimate, this would correspond to a necessary
M é M3, theoretical accuracy on the nuclear part of the amplitude to
oo _ (9% af o Sadsty ST 5 19%.
vR = 7P M_§+M_%/ (81) In Fig. 19 we show the expected half-lives for the
simultaneous realization of the full LQ model and the
3 82Ga 967, 100M0 110py 116y 124g, . 128Tg 4 130Te . 134xe
2 * 136X€ * 148Ng  * 150N( . 154 £ 160Gq  « 198p¢t *232Th  « 238y
£ 1 EEERE : 1 EERBRE
o AR *)]( *%} ol
o 1 )
& O X******H’H‘ sk Y3 “* **ﬁ(*)l( T x******ﬂ# o HOHOOKX
o ! KHKHKHOKK ! KKK
-1 | i
-2
Full S SR, VR SL, VL V
FIG. 18. Half-life ratios resulting from different leptoquark settings when taking 7°Ge as the reference isotope. The ratios are compared

to the standard mass mechanism.
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FIG. 19. Here we show the expected half-lives for the full LQ
model with the parameters fixed to €5 = ¢y = ak = af = ok =

a® =1 and the suppression scales Mg = My = 107 GeV.

standard mass mechanism. We assumed the suppression
factors to be Mg = My, = 107 GeV. One can see that in
this setting the inverted mass ordering case is not altered
significantly while the half-life in the normal ordering case
is decreased such that the gap between the two mass
orderings is closed.

V. SUMMARY AND CONCLUSIONS

Neutrinoless double beta decay is the best laboratory
probe of lepton number violation and as such can naturally
shed light on the generation of neutrino masses as well as
associated UV physics. The implications of observation of
this hypothetical nuclear process would largely depend on
the mechanism responsible for the dominant contribution. In
this paper we have performed a detailed analysis discussing
the possibilities of experimental discrimination among the
32 different LEFT lepton number violating operators of
dimension < 9 triggering Oy decay at low energy.

The main aim of our study is to understand the
differences in various Ovfff decay mechanisms and to
investigate the possibilities of identifying the potential
exotic contribution in experiments. Assuming only one
operator at a time, we found that the 32 different LEFT
operators can be split into 12 groups which are distinguish-
able from each other by comparison of ratios of half-lives in
different double-beta-decaying isotopes. We calculated the
half-life ratios normalized to the standard mass mechanism
Rim,, for each of the operator groups discussing the

potential for their identification by experimental observa-
tions. Varying the currently unknown low-energy constants
(LECs) around their order-of-magnitude estimates obtained
using NDA we observed that their impact on the expected

half-life ratios can be significant for most operator groups.
To quantify this impact and temporarily eliminate it in our
conclusions we focused on two different scenarios; namely,
we identified the central values of the ratio ranges as well
as the worst-case scenario considering the value of the
ratios closest to 1 within each ratio range. In Fig. 8 we
summarized the potential of distinguishing among different
operator groups for both of these scenarios considering all
isotopes for which the experimental limit on Oyff decay
half-life exists. Based on the central-value scenario we
estimated the required theoretical accuracy on the nuclear
physics calculations, parametrized by an effective nuclear
matrix element M, which would allow for identifying
nonstandard mechanisms in the single operator dominance
scenario. We found that identifying all the nonstandard
mechanisms via half-life ratios would require (at least) a
few-percent accuracy. While the required accuracy of the
theoretical description is beyond the current status of
nuclear uncertainties, advances in ab initio calculations
of nuclear matrix elements may be able to deliver such
precision in the future provided that the currently unknown
LECs are fixed with similar accuracy as those that are
already under control.

The additional information that can be inferred from the
phase-space observables does not allow for distinguishing
operators within the 12 operator groups corresponding to
distinct half-life ratios. However, the phase-space observ-
ables are much less affected by nuclear uncertainties such
that they can potentially deliver important insight into the
underlying mechanism of Oypf decay even if nuclear
uncertainties remain significant. For operator groups such
as Cy/(9) or Cy(9) for which the expected half-life ratios do
not differ significantly from the standard mass mechanism
measurements, tracking the outgoing electrons would be a
more promising approach of identification even if nuclear
uncertainties are substantially reduced. Therefore, future
experiments that would have the required technology such
as SuperNEMO seem to be very relevant. The operator
groups that could be distinguished by means of phase-space
observables are also marked in Fig. 8.

Besides the effective approach detailing individual oper-
ators, we focused also on Ovf3f decay contributions triggered
by three different high-energy models. In each case, we
identified and discussed the signatures that could help to
distinguish these models in observations of Ovff decay. Our
approach can be easily extended to any other UV model that
can be matched onto the applied EFT framework.

Based on the obtained results and following their
discussion it becomes clear that, although it might be
possible to unravel an exotic contribution to Ovff decay,
pinpointing the dominant mechanism underlying this
hypothetical nuclear process most probably would not be
possible without other, complementary experiments. As
discussed, the possibilities of employing different double-
beta processes seems to be rather unlikely because of their
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phase-space suppression. On the other hand, the underlying
mechanism could be identified by combining the Ovff
decay data with different experiments searching for lepton
number violation, such as meson decays, tau decays, or
collider searches, which can, however, more naturally
verify a complete UV scenario rather than a specific
effective operator. Useful information will be provided
also by measurements aiming to determine the absolute
neutrino mass scale, including the CMB data providing a
constraint on the sum of neutrino masses, » ;m,. A
detailed discussion of the interplay with complementary
probes of neutrino masses and lepton number (non)con-
servation is however beyond the scope of this paper.
Similarly, we have not covered the possibility of existence
of light sterile neutrinos and its implications for Ovpp
decay. The same methods as employed in this study may
allow to unravel additional contributions to Ovff decay
induced by light sterile neutrinos.

TABLE VI
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APPENDIX A: DOUBLE-f MODES

In Table VI we present a list of all naturally occurring
isotopes that decay via any of the Oyff modes, i.e.,
Ovp=p~,0vpT 7, 00ECSHT and OvECEC. The isotopes as
well as the corresponding Q values are taken and calculated
from the NIST list of elements [94].

Complete list of natural double-f elements and the corresponding Q values calculated from the NIST

list of elements [94] using the conditions (35), (37), (39) and (41). Overall there are 69 different natural elements that

can decay via at least one double-f mode.

2up - 2uptpr 20ECp 20ECEC

Az 0 [MeV] Az 0 [MeV] Az 0 [MeV] Az 0 [MeV]
46Ca 0.99 78Ky 0.80 50Cr 0.15 36AT 0.43
4Ca 4.27 9Ru 0.67 58N 0.90 OCa 0.19
707n 1.00 106Cq 0.73 6471 0.073 50Cyr 1.17
76Ge 2.04 1245 0.82 74Se 0.19 S4Fe 0.68
80Ge 0.13 1305, 0.57 8Ky 1.82 58N 1.93
82G¢ 3.00 136Ce 0.33 84Sy 0.77 047n 1.09
8OK r 1.26 92Mo 0.63 74Se 1.21
947y 1.14 9%Ru 1.69 78Ky 2.85
967 3.35 102pq 0.15 84Sy 1.79
98Mo 0.11 106Cd 1.75 Mo 1.65
1000 3.03 li2gy 0.90 9%Ru 2.71
104Ru 1.30 1207¢ 0.71 102pq 1.17
110pq 2.02 124 1.84 106Cd 2.78
4cd 0.54 130Ba 1.60 108¢q 0.27
116Cd 2.81 136Ce 1.36 1128 1.92
1226 0.37 1449 m 0.76 120¢ 1.73
1245 2.29 156Dy 0.98 124y 2.86
1287¢ 0.87 162 0.82 1265 0.92
130Te 2.53 168y 0.39 130Ba 2.62
134xe 0.83 174 ¢ 0.077 1324 0.84
136X e 2.46 1840 0.43 136Ce 2.38
142Ce 1.42 190pg 0.36 138Ce 0.69
146N g 0.070 1449 m 1.78
148N d 1.93 152Gq 0.056
150Ng 3.37 156py 2.01
1549 m 1.25 158Dy 0.28
160Gq 1.73 162g, 1.85
1705 0.66 164g, 0.025
176yh 1.09 163y, 1.41

(Table continued)
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TABLE VL. (Continued)

2up ptpt 2UECH* 20ECEC

Az 0 [MeV] Az 0 [MeV] Az 0 [MeV] Az 0 [MeV]
186y 0.49 1744 1.10
19205 0.41 180y 0.14
198p¢ 1.05 18405 1.45
204Hg 0.42 190p¢ 1.38
232Th 0.84 196Hg 0.82
23815 1.14

APPENDIX B: CONTRIBUTIONS FROM EACH OPERATOR

Assuming only one nonvanishing operator at a time, the half-life can be written in terms of a single Wilson coefficient,
different phase-space factors and the nuclear contributions determined by the different NMEs and LECs. For convenience,
we list the explicit decay rate equations for each operator below:
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APPENDIX C: CONSIDERING ALL ISOTOPES

While we have focused our discussion on isotopes for which experimental limits on the half-lives exist, we want
to present our main findings of Fig. 8 here again but now considering all naturally occurring Ovff isotopes for which we
have nuclear matrix elements available in the IBM2 framework. The corresponding results are presented in Fig. 20.
In Figs. 21 and 22 we show the resulting ratios including variations of the unknown LECs similar to Figs. 5 and 6 when
considering the whole set of isotopes available.

mgg C(G) C(6) C(G) C(G 7) C§91) C(Q) C(Q) C(9) C(9) C(9) C(Q)
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eh 545m i 1T 134xe
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= 54Sm 2Th
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FIG. 20. Same as Fig. 8 but now for all isotopes with available NMEs in the IBM2 framework: The maximal ratios R{}** for all
operator combinations i, j are shown. The exact values and the corresponding isotopes are displayed in each tile. Additionally, operator
combinations that result in different phase-space observables are marked by dashed-line shading. In the upper right half of the plot we
show the ratios considering the central values from the variation of the LECs. In the lower left half we show the worst-case scenario
considering the values of ratios R;; that are closest to 1 within the range obtained by the variation of the LECs.
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= =
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stars while isotopes with smaller PSFs are represented by round markers. The additional points represent variations of the different
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|g;] except for g)'¥ which is varied in a range

of £50%. The crosses represent the central values of the variation, i.e., the median values. The reference isotope is chosen to be 7°Ge.
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