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-  Tritium decay: 

 

 

-  Cosmology: CMB power 
spectrum, BAO, etc, 

€ 

Δm21
2 ≈ 7.5 ×10−5 eV 2 (solar)

Δm32
2 ≈ 2.4 ×10−3 eV 2 (atmospheric)

€ 

c12 ≡ cosθ12 , s12 = sinθ12 , etc

Two neutrino mass hierarchies 

€ 

3H → 3He + e− +ν e

mν e
= Uei

2
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i
∑ < 2.2eV (Mainz exp.)

KATRIN (to takedata): goal mν e
< 0.3eV
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∑ < 0.23eV

Goal : 0.01eV (5 −10 y)
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FIG. 1: Global 3⌫ oscillation analysis. Projections of the �2 function onto the parameters �m2, |�m2|, sin2 ✓ij , and �, for NO
(blue) and IO (red). In each panel, all the undisplayed parameters are marginalized, and the o↵set ��2

IO�NO = 3.6 is included.

p 2 [0, 1] linking any two competing hypotheses [35]). Explicit parametric connections have been worked out for
medium-baseline reactor neutrino oscillations, in terms of the mixing variable sin2 ✓12 (swapping octants between NO
and IO for �m2 > 0 in vacuum [36]) and of an empirical variable ↵ (ranging in [�1, +1] from IO to NO [37]). The
above considerations further support our adoption of Eq. (8) as a reasonable metric for the IO–NO discrimination
[25], akin to a one-parameter estimation test. For a discussion of further statistical issues and possible alternative
approaches, see also [3, 4, 38–40] and refs. therein.

With present data, the current statistical sensitivity associated to ��2
IO�NO tests appears to be limited to ⇠ 2�

(see Sec. III). Therefore, we shall conservatively report ��2 bounds on mass-mixing parameters both by separately

minimizing the �2 in NO and IO (discarding the relative ��2
IO�NO di↵erence), and by further minimizing the �2

over any ordering (including the ��2
IO�NO information), with a discussion of the relative di↵erences in the results.

Such a format has been adopted in presenting the oscillation parameter ranges in [11, 41], and is extended herein to
nonoscillation parameters.

A. Neutrino oscillations

An analysis of neutrino oscillation data has been previously presented in [9], to which we refer the reader for a
discussion of the adopted methodology and earlier literature. A partial update of [9], including novel accelerator
data shown in mid-2016, was reported in [10]. The more complete update presented herein (circa 2017) includes, with
respect to [9]: (i) the latest results from the long-baseline accelerator experiments T2K [42] and NOvA [43, 44]; (ii) the
latest far/near spectral ratio from the reactor neutrino experiment Daya Bay [45]; (iii) the most recent atmospheric
neutrino data from the Super-Kamiokande (SK) phase IV [46, 47]. The results of our oscillation data analysis are
reported graphically in Fig. 1 and numerically in Table I.

Figure 1 shows the �2 curves in terms of the six oscillation parameters (�m2, �m2, sin2 ✓12, sin
2 ✓13, sin

2 ✓23, �),
for both NO (blue) and IO (red). We find an overall preference for NO, quantified by the �2 di↵erence

��2
IO�NO = 3.6 (all oscill. data) , (9)

that is explicitly shown as an o↵set of the IO curves. The o↵set is of some relevance in the analysis of absolute mass
observables, as shown later.

Bari group: 

arxiv.org/1703.04471 

(Δχ2 
IO-NO)1/2 = 2 
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The fermions and the W/Z bosons get mass: by interacting 
with the Higgs field.  

This mechanisms could also work for neutrinos, if they would 
be Dirac fermions. Then, it would be difficult to explain why 
their masses (Yukawa couplings) are so small. 

The mass terms come from the Yukawa interaction :
ψi Yij ψ j <φ > where <φ >= 246 GeV
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Weinberg’s dimension-5 
BSM operator contributing 
to Majorana neutrino mass 
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André de Gouvêa Northwestern

Fork on the Road: Are Neutrinos Majorana or Dirac Fermions?

Best (Only?) Bet: Neutrinoless Double-Beta Decay.

August 8, 2016 ⌫ Interpretations

NEUTRINO London 2016 & ICHEP Chicago 2016 
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Nobel prize 2025: Neutrinoless 
Double Beta Decay? 
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Probably the best chance of the low-
energy nuclear physics community 

to get another Nobel prize! 

We learned that neutrinos have 
mass, but we don’t know how to 

extend the Standard Model! 
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136Xe ββ Experimental Results 
Publication  Experiment T2ν

1/2 T0ν
1/2(lim) T0ν

1/2(Sens)

PRL 110, 062502 KamLAND-Zen > 1.9x1025 y  
 

1.1x1025 y 

PRC 89, 015502  EXO-200 (2.11  0.04  0.21)x1021 y 
Nature 510, 229 EXO-200 >1.1x1025 y  1.9x1025 y 

PRC 85, 045504  KamLAND-Zen (2.38  0.02  0.14)x1021 y   
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KamLAND-Zen Phase-I

KamLAND-Zen Phase-II

KamLAND-Zen Combined

EXO-200 (2014)

136Xe 0νββ Decay Half-life

Half-life limit (@90%C.L.)
KamLAND-Zen

Phase1 T1/2
0ν > 1.9 × 1025 yr

Phase2 T1/2
0ν > 9.2 × 1025 yr

Combined > 1.07×1026 yr T1/2
0ν

〈mββ〉< (61- 165) meV

Phase1
Phase2

Phase1
+phase2

EXO-200 (2014)
90%

1σ

Commonly used NME with gA~1.27,
Improved phase space calculations.

15/20

90%C.L. upper limits on 〈mββ〉

mlightest < (180~480)meV

×6!

〈mββ〉limit reaches below 100meV 
and getting close to the IH region ! 10 
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Figure 6. Value of the e↵ective Majorana mass |m�� | as a function of the lightest
neutrino mass in the cases of 3⌫ and 3+1 mixing with Normal and Inverted Ordering
of the three lightest neutrinos [210]. The signs in the legends indicate the signs of
ei↵2 , ei↵3 , ei↵4 = ±1 for the cases in which CP is conserved. The intermediate yellow
regions are allowed only in the case of CP violation.

produced by Big Bang Nucleosynthesis (BBN). In Subsection 6.3 we discuss the e↵ects of

light sterile neutrinos on the formation of Large Scale Structures (LSS), which occurred

after the sterile neutrinos became non-relativistic. Finally, in Subsection 6.4 we review

the current cosmological bounds on light sterile neutrinos.

6.1. Neutrino parameterization

It is convenient to parametrize the neutrino contribution to the radiation content in the

early Universe in terms of an e↵ective number of degrees of freedom Ne↵ , such that the

arxiv:1507.08204 

m3m1

KamLAND− Zen, PRL 117, 082503 (2016) : 136Xe

Exp 
goal 
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MIHAI HOROI AND SABIN STOICA PHYSICAL REVIEW C 81, 024321 (2010)

TABLE II. Parameters for the short-range correlation
(SRC) parametrization of Eq. (11).

SRC a b c

Miller-Spencer 1.10 0.68 1.00
CD-Bonn 1.52 1.88 0.46
AV18 1.59 1.45 0.92

[36,48] highlighted the relevance of these observables for
obtaining an accurate description of the nuclear structure of
the nuclei involved in double-β decay. Figure 1 compares the
neutron and proton occupation probabilities in 48Ca and 48Ti
for two different effective interactions, GXPF1 and FPD6.
One can see very small differences between the results of
the two interactions. One can come to the same conclusion
when comparing similar occupation probabilities for all five
interactions reported in Table I.

In the present calculations we considered both SRC effects
and FS effects. Although the radial dependence of the neutrino
potential is very close to that of a Coulomb potential, many
previous calculations [25,26,33,34] took into account the SRC
missing in the two-body-product wave functions, via the
Jastrow-like parametrization described in Eqs. (10)–(12). Until
recently, the parameters a, b, and c used were those proposed
by Miller and Spencer [49], which have the effect of decreasing
the NME by about 30%. Recently, [36] the SRC effects were
revisited, using modern nucleon-nucleon interactions, such as
CD-Bonn and AV18, and it was found that the decrease in the
relative wave functions at short distances is compensated by a
relative increase at longer distances, and the overall NMEs do
not change very much compared with the NMEs without SRC
effects. Reference [36] proposed a parametrization of these
results in terms of similar Jastrow-like correlation functions
as in Eqs. (10) and (11); the corresponding parameters are
listed in Table II. In addition, Ref. [35] introduced an effective
0νββ operator that takes into account the SRC effects and
the contribution of the missing shells from the valence space

FIG. 2. (Color online) Dependence of the NME on the effective
interaction used and the short-range correlation (SRC) model. M-S,
Miller-Spencer.

TABLE III. Different contributions to the NME for the
GXPF1A interaction with ⟨E⟩ = 7.72 MeV.

SRC M0ν
GT M0ν

F M0ν
T M0ν

None 0.556 −0.219 −0.015 0.711
Miller-Spencer 0.465 −0.141 −0.014 0.570
CD-Bonn 0.688 −0.222 −0.014 0.845
AV18 0.634 −0.204 −0.014 0.779

using the general theory of effective interactions [45] and
found that the NME for the 0νββ decay of 82Se did not
change significantly compared with the result of the “bare”
operator.

Figure 2 shows our NMEs for all five effective interactions,
for all three SRC sets of parameters listed in Table II, and
for no SRC. One can see that the preceding semiquantitative
analysis is reflected in the dependence of the NME on the
choice of SRC. The results do not show significant dependence
on the effective interaction used, although one can see a
20% spread of NMEs for the same choice of SRC. All
NMEs reported here contain the higher-order terms described
in Eqs. (7)–(9). A comparison with the NMEs calculated
without the higher-order terms in the potential will be reported
elsewhere. To be consistent [50] with the calculation of the
phase factor G0ν

1 , we used R = 1.2A1/3 fm in Eq. (7). Our
choice for the h̄ω parameter entering the harmonic oscillator
wave functions was 45A−1/3 − 25A−2/3, which was shown to
provide a better shell model description of observables than
the simple 41A−1/3 ansatz. Table III lists the GT, F, and T
contributions to the overall NMEs for all SRC choices, when
the GXPF1A interaction was used. One can see that all these
contributions add coherently in Eq. (3) and that the tensor
contribution is negligible in all cases.

Figure 3 shows the dependence of the NMEs of the average
energy of the intermediate states. Varying ⟨E⟩ from 2.5 to
12.5 MeV, one gets less than 5% variation in the NME. This

M
0

FIG. 3. (Color online) Dependence of the NME on the average
energy of the intermediate states ⟨E⟩ for the GXPF1A interaction.

024321-4

Short range correlations (SRC): 

MS SRC 

CDB SRC 

AV18 SRC 
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Other models: Left-Right symmetric model and 
SUSY R-parity violation 

€ 

η

€ 

λ

2

TABLE I. The Q0⌫
�� values in MeV, the experimental T 0⌫

1/2 limits in years, and the calculated PSF in years�1 for all five isotopes
currently under investigation.

48Ca 76Ge 82Se 130Te 136Xe

Q0⌫
�� 4.2723 2.0390 2.9951 2.8135 2.2870

T 0⌫
1/2 > 2.0⇥ 1022[30] 5.3⇥ 1025[31] 2.5⇥ 1023[32] 4.0⇥ 1024[33] 1.1⇥ 1026[34]

G01 ⇥ 1014 2.45 0.22 1.00 1.41 1.45

G02 ⇥ 1014 15.4 0.35 3.21 3.24 3.15

G03 ⇥ 1015 18.2 1.20 6.50 8.46 8.55

G04 ⇥ 1015 5.04 0.42 1.92 2.53 2.58

G05 ⇥ 1013 3.28 0.60 2.16 4.12 4.36

G06 ⇥ 1012 3.87 0.50 1.65 2.16 2.21

G07 ⇥ 1010 2.85 0.28 1.20 1.75 1.80

G08 ⇥ 1011 1.31 0.17 0.82 1.72 1.83

G09 ⇥ 1010 15.5 1.12 4.42 4.47 4.44

II. EFFECTIVE FIELD THEORY APPROACH
TO NEUTRINOLESS DOUBLE-BETA DECAY

The possibility that right-handed currents could con-
tribute neutrinoless double-beta decay (0⌫��) has been
already considered for some time [29, 35]. Recently, 0⌫��
studies [9, 36] have adopted the left-right symmetric
model [7, 37] for the inclusion of right-handed currents.
In the framework of the left-right symmetric model and
R-parity violating (��Rp

) supersymmetric (SUSY) model
[38–40], the half-life expression can be written as a sum
of products of PSF, BSM LNV parametes, and their cor-
responding NME [11]:

h
T 0⌫
1/2

i�1
= G01g

4
A

��⌘0⌫M0⌫ +
�
⌘L
NR

+ ⌘R
NR

�
M0N

+ ⌘
q̃

M
q̃

+ ⌘
�

0M
�

0 + ⌘
�

X
�

+ ⌘
⌘

X
⌘

|2 . (1)

Here, G01 is a phase space factor that can be calculated
with good precision for most cases [41–44], g

A

is the ax-

ial vector coupling constant, ⌘0⌫ = hm��i
me

, with hm
��

i
representing the e↵ective Majorana neutrino mass and
m

e

the electron mass. ⌘L
NR

, ⌘R
NR

are the heavy neutrino
parameters with left-handed and right-handed currents,
respectively [9, 21], ⌘

q̃

, ⌘
�

0 are ��Rp

SUSY LNV parame-
ters [45], ⌘

�

, and ⌘
⌘

are parameters for the so-called ”��”
and ”⌘�mechanism”, respectively [9]. M0⌫ , M0N , are the
light and the heavy neutrino exchange NME,M

q̃

,M
�

0 are
the��Rp

SUSY NME, andX
�

andX
⌘

denote combinations
of NME and other PSF (G02�G09) corresponding to the
the ��mechanism involving right-handed leptonic and
right-handed hadronic currents, and the ⌘�mechanism
with right-handed leptonic and left-handed hadronic cur-
rents, respectively [11].

In Table I we present the Q0⌫
��

values, the most re-
cent experimental half-life limits from the indicated ref-
erences, and the nine PSF for 0⌫�� transitions to ground
states of the daughter nucleus for five isotopes currently
under investigation. The PSF were calculated using a
new e↵ective method described in great detail in Ref.

TABLE II. The NME that appear in Eq. (1) and their cor-
responding LNV parameters for the five nuclei of current ex-
perimental interest.

48Ca 76Ge 82Se 130Te 136Xe

M0⌫ 1.03 3.64 3.42 1.93 1.75

M0N [25] 75.5 202 187 136 143

Mq̄ 107 339 320 185 169

M�0 370 619 570 415 366

X� 2.11 4.13 5.69 2.81 2.48

X⌘ 246 794 725 517 467

106·|⌘0⌫ | 27.5 0.50 3.70 1.37 0.28

109·|⌘0N | 376.5 8.97 67.5 19.5 3.49

109·|⌘q̄| 264 5.35 39.4 14.3 2.96

109·|⌘�0 | 76.9 2.92 22.1 6.39 1.36

107·|⌘�| 135 4.39 22.2 9.42 2.01

109·|⌘⌘| 115 2.28 17.4 5.13 1.07

[44]. G01 were calculated with a screening factor (s
f

) of
94.5, while G02 � G09 used s

f

= 92.0 that is shown to
provide good accuracy within 18% of those in Ref. [46].
Table II shows the shell model values the the NME

that enter Eq. (1). The heavy right-handed neutrino-
exchange NME M0N are taken from Ref. [25] that de-
scribes their formalism and calculation. M

q̄

and M
�

0 are
calculated using the description in Eq. (150) and Eq.
(155), respectively, of Ref. [45]. X

�

and X
⌘

are adapted
from C4 and C5 of Eq. (3.5.15d) and Eq. (3.5.15e), re-
spectively, in Ref. [29] multiplied by M

GT

/G01 to fit the
factorization of Eq. (1).
..........................

A more general approach is based on the e↵ective field
theory extension of the Standard Model. The analysis
based on the beyond standard model (BSM) e↵ective
field theory is more desirable, because it does not rely
on specific models, and their parameters could be ex-
tracted/constrained by the existing 0⌫�� data, and by

Gluino exchange 

Squark 
exchange 

M. Horoi, A. Neacsu, PRD 93, 113014 (2016) 
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the ⌘⌫ term) is given by

h
T 0⌫
1/2

i�1
=
���M (0⌫)

GT

���
2
{C⌫2 + C⌫�cos�1 + C⌫⌘cos�2

+ C�2 + C⌘2 + C�⌘cos(�1 � �2)
 
, (4)

where �1 and �2 are the relative CP phases (A7). Dif-
ferent processes give rise to several contributions: C⌫2

are from the left-handed leptonic and currents, C�2 from
the right-handed leptonic and right-handed hadronic cur-
rents, and C⌘2 from the right-handed leptonic and left-
handed hadronic currents. Interference between these
terms is represented by the the contributions of C⌫�, C⌫⌘

and C�⌘. The precise definitions are

C⌫2 = C1 h⌫i2 , C⌫� = C2 h⌫i h�i , C⌫⌘ = C3 h⌘i h⌫i ,
C�2 = C4 h�i2 , C⌘2 = C5 h⌘i2 , C�⌘ = C6 h⌘i h�i , (5)

where C1�6 are combinations of nuclear matrix elements
and phase-space factors (PSF). Their expressions can be
found in the Appendix B, Eqs. (B1). M0⌫

GT and the other
nuclear matrix elements that appear in the expressions of
the C factors are presented in Eq. (B4). In the context of
the left-right symmetric model we associate the neutrino
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electron spectrum. When investigating the energy dis-
tribution, it is convenient to express the decay rate as a
function of the di↵erence in the energy of the two outgo-
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IV. RESULTS

Here we analyze in detail the two-electron angular and
energy distributions for 82Se, which was chosen as a base-
line isotope by SuperNEMO experiment [27, 29]. We
calculate the 82Se NME of Eq. (B4) using a shell model
approach with the JUN45 [40] e↵ective Hamiltonian in
the jj44 model space [9, 10]. The nuclear structure ef-
fects are taken into account by the inclusion of short-
range correlations with CD-Bonn parametrization, finite
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FIG. 1: (Color online) Electrons angular distribution
(upper panel) and energy distributions (lower panel) for
the competition between ⌫ and ⌘ mechanisms, Case 1.

nucleon size e↵ects, and higher order corrections of the
nucleon current [14]. Due to the small contribution of
the �P factor (less than 4% when changing from 0.1 to
0.5), we do not calculate it and use a typical shell model
value of 0.5 for the case of 82Se [41]. We point out that
some of the neutrino potentials in Eq. (B5) are divergent
[26], such that the approximations �GT! = 2��GTq and
�F! = 2�F � �Fq [42] are not accurate. This simplifica-
tion was widely used because of the high complexity and
di�culty of the previous shell model calculations with
large model spaces [41, 43], when most of most 0⌫��
decaying isotopes were considered. A solution to this
problem is to first perform the radial integral over the
coordinate space and only after, the second integral over
the momentum space in Eq. (B6). For gA we use the
older value of 1.254 for an easier comparison to other
NME and PSF results in the literature. It was shown in
Ref. [10] that changing to the newer value of 1.27 [44]
changes the result by only 0.5%.

The NME calculated in this work are presented on the
first line of Table I. The second line displays the normal-
ized values �↵ (↵ = F,GT!, F!, GTq, Fq, T,R).

The PSF that enter in the components of Eq. (4) are
calculated in this work using Eq. (C1)(see also Ref. [32]).

FIG. 2: (Color online) Same as Fig. 1 for the
competition between ⌫ and � mechanisms, Case 2.

TABLE I: The 82Se NME corresponding to Eq. (B3).

MGT MF MGT! MF! MGTq MFq MT MR

2.993 -0.633 2.835 -0.618 3.004 -0.487 0.012 3.252

�F �GT! �F! �GTq �Fq �T �R

-0.134 0.947 -0.131 1.003 -0.103 0.004 1.086

The values of the �1± and �2± factors of Eq. (B2) are:
�1+ = 0.717, �1� = 1.338, �2+ = 0.736, �2� = 0.930.

These can be also calculated by a simple manipulation
of Eq. (9), involving Ã±k defined in Appendix B. In the
case of G1, we obtain results which are in good agreement
with those of Ref. [34], having a di↵erence of about 10%.
The results of Ref. [34] have been obtained more rigor-
ously by solving numerically the Dirac equation, and by
including the e↵ects of the finite nuclear size and elec-
tron screening using a Coulomb potential derived from a
realistic proton density distribution in the daughter nu-
cleus. This more rigorous treatment of the finite nuclear
charge can provide di↵erences of up to 30-40% in G1 for
heavy nuclei as compared with Eq. (C1) [33, 34]. How-
ever, given the larger uncertainty in the NME [39], and
because of the small di↵erence in PSF for the case of
82Se, this approximation is satisfactory and we use it in

<η > dominates
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TABLE VI: Calculated limits of half-lives ratios, Eq. (14), for di↵erent combinations of isotopes (see text for
details). For example, in the combination Ge/Se (1) corresponds to Ge and (2) to Se.

Ge/Se Ge/Te Ge/Xe Se/Te Se/Xe Te/Xe

Ge Se Ge Te Ge Xe Se Te Se Xe Te Xe

G0⌫
01 ⇥ 1014 0.237 1.018 0.237 1.425 0.237 1.462 1.018 1.425 1.018 1.462 1.425 1.462

M0⌫(1/2) 3.57 3.39 3.57 1.93 3.57 1.76 3.39 1.93 3.39 1.76 1.93 1.76

M0N (1/2) 202 187 202 136 202 143 187 136 187 143 136 143

T ⌫
1/2(1)/T

⌫
1/2(2) 3.87 1.76 1.50 0.45 0.39 0.85

TN
1/2(1)/T

N
1/2(2) 3.68 2.73 3.09 0.74 0.84 1.13

R(N/⌫) present 0.95 1.55 2.06 1.63 2.17 1.33

R(N/⌫) [45] 1.02 1.39 1.42 1.36 1.39 1.03

V. DISENTANGLING THE HEAVY NEUTRINO
CONTRIBUTION

As mentioned in Section II, if the ⌘� and ⌘⌘ contribu-
tions could be ruled out by the two-electron energy and
angular distributions analyzed in the previous section, in
that case, assuming a seesaw type I dominance [36] the
half-life is given by Eq. (3). Then, the relative contri-
bution of the ⌘⌫ and ⌘RNR

terms can be identified if one
measures the half-life of at least two isotopes [5, 24], pro-
vided that the corresponding matrix elements M0⌫ and
M0N are known with good precision. Ref. [5, 24] al-
ready provided some limits of the ratios of the half-lives
of di↵erent isotopes based on older QRPA calculations.
However, based on those calculations, the two limits for

r(⌫/N) ⌘ T ⌫/N
1/2 (1)/T ⌫/N

1/2 (2)

r(⌫/N) =
G0⌫

01(2)
��M0⌫/N (2)

��2

G0⌫
01(1)

��M0⌫/N (1)
��2
, (14)

were too close to allow for a good separation of the con-
tribution of these two mechanisms. In Eq. (14) (1) and
(2) designate members of a pair of isotopes. Below, we
present the results based on our shell model calculations
given in see Tables III and IV of Ref. [7]. In Table VI
Ge, Se, Te, and Xe are short-hand notions for 76Ge, 82Se,
130Te, and 136Xe respectively. In the table we only use
the NME calculated with CD-Bonn short-range correla-
tions. The G0⌫

01 factors from Table III of Ref. [30] were
used (they are very close to those of Ref. [46])

The pre-last line in Table VI presents the ratio of the
ratios of half-lives, R(N/⌫) = r(N)/r(⌫), calculated with
our NME. On can see that the largest ratio is obtained for
the combination 82Se/136Xe. Its magnitude larger than
2 indicates that on can di↵erentiate between these two
limits if the half-lives are known with reasonable uncer-
tainties, and provided that the NME can be calculated
with su�cient precision. The last line in Table VI shows
the same quantity calculated with the recent QRPA NME
taken from Table I (columns d) of Ref. [45]. On can see
that these ratios are not as favorable in identifying the

two limits. This analysis emphasizes again the need of
having reliable NME for all mechanisms.

VI. CONCLUSIONS

In this paper we calculate nuclear matrix ele-
ments, phase space factors, and half-lives for the
0⌫�� (0+ ! 0+) decay of 82Se under di↵erent scenarios
that include, besides the mass mechanism, the mixed
right-handed/left-handed currents contributions known
as ⌘ and � mechanisms. For the mass mechanism dom-
inance scenario the results are consistent with previous
calculations [10] using the same Hamiltonian. Inclusion
of contributions from ⌘ and � mechanisms have the ten-
dency to decrease the half-lives.
We present the two-electrons angular and energy dis-

tributions for five theoretical scenarios of mixing between
mass mechanisms contributions,and ⌘ and � mechanism
contributions. From the figures presented in the paper
one can recover the general conclusion [26] that the en-
ergy distribution can be used to distinguish between the
mass mechanism and the � mechanism, while the angular
distribution can be used in addition to the energy distri-
bution to distinguish between the mass mechanism and
the ⌘ mechanism, but the identification could be more
nuanced due to the lack of knowledge of the interference
phases. In the case of the energy distributions for the
mass mechanism dominance (blue line) and the � mech-
anism dominance (green band in Figure 2 lower panel),
we find similar results to those of Figure 2 in Ref. [27].
However, our results emphasize the significant role of the
interference phases �1 and �2 in identifying the e↵ect.
We also find out from the analysis of Case 3 that if the

e↵ective neutrino mass is very small, close to zero, and
the ⌘ and � mechanisms are competing, then one can
potentially identify this scenario from the � dominance,
Case 2, by comparing the ratio min-to-max in the angu-
lar distributions and/or by the behavior of the angular
correlation coe�cient for almost equal electron energies.
The small interference e↵ects in Case 3 could be also used
as an additional identification tool.
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given in see Tables III and IV of Ref. [7]. In Table VI
Ge, Se, Te, and Xe are short-hand notions for 76Ge, 82Se,
130Te, and 136Xe respectively. In the table we only use
the NME calculated with CD-Bonn short-range correla-
tions. The G0⌫

01 factors from Table III of Ref. [30] were
used (they are very close to those of Ref. [46])

The pre-last line in Table VI presents the ratio of the
ratios of half-lives, R(N/⌫) = r(N)/r(⌫), calculated with
our NME. On can see that the largest ratio is obtained for
the combination 82Se/136Xe. Its magnitude larger than
2 indicates that on can di↵erentiate between these two
limits if the half-lives are known with reasonable uncer-
tainties, and provided that the NME can be calculated
with su�cient precision. The last line in Table VI shows
the same quantity calculated with the recent QRPA NME
taken from Table I (columns d) of Ref. [45]. On can see
that these ratios are not as favorable in identifying the

two limits. This analysis emphasizes again the need of
having reliable NME for all mechanisms.

VI. CONCLUSIONS

In this paper we calculate nuclear matrix ele-
ments, phase space factors, and half-lives for the
0⌫�� (0+ ! 0+) decay of 82Se under di↵erent scenarios
that include, besides the mass mechanism, the mixed
right-handed/left-handed currents contributions known
as ⌘ and � mechanisms. For the mass mechanism dom-
inance scenario the results are consistent with previous
calculations [10] using the same Hamiltonian. Inclusion
of contributions from ⌘ and � mechanisms have the ten-
dency to decrease the half-lives.
We present the two-electrons angular and energy dis-

tributions for five theoretical scenarios of mixing between
mass mechanisms contributions,and ⌘ and � mechanism
contributions. From the figures presented in the paper
one can recover the general conclusion [26] that the en-
ergy distribution can be used to distinguish between the
mass mechanism and the � mechanism, while the angular
distribution can be used in addition to the energy distri-
bution to distinguish between the mass mechanism and
the ⌘ mechanism, but the identification could be more
nuanced due to the lack of knowledge of the interference
phases. In the case of the energy distributions for the
mass mechanism dominance (blue line) and the � mech-
anism dominance (green band in Figure 2 lower panel),
we find similar results to those of Figure 2 in Ref. [27].
However, our results emphasize the significant role of the
interference phases �1 and �2 in identifying the e↵ect.
We also find out from the analysis of Case 3 that if the

e↵ective neutrino mass is very small, close to zero, and
the ⌘ and � mechanisms are competing, then one can
potentially identify this scenario from the � dominance,
Case 2, by comparing the ratio min-to-max in the angu-
lar distributions and/or by the behavior of the angular
correlation coe�cient for almost equal electron energies.
The small interference e↵ects in Case 3 could be also used
as an additional identification tool.

r(v / N ) ≡ T1/2
v/N (1) /T1/2

v/N (2)

R(N / v) = r(N ) / r(v)
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TABLE I. The Q0⌫
�� values in MeV, the experimental T 0⌫

1/2 limits in years, and the calculated PSF in years�1 for all five isotopes
currently under investigation.

48Ca 76Ge 82Se 130Te 136Xe

Q0⌫
�� 4.2723 2.0390 2.9951 2.8135 2.2870

T 0⌫
1/2 > 2.0⇥ 1022[30] 5.3⇥ 1025[31] 2.5⇥ 1023[32] 4.0⇥ 1024[33] 1.1⇥ 1026[34]

G01 ⇥ 1014 2.45 0.22 1.00 1.41 1.45

G02 ⇥ 1014 15.4 0.35 3.21 3.24 3.15

G03 ⇥ 1015 18.2 1.20 6.50 8.46 8.55

G04 ⇥ 1015 5.04 0.42 1.92 2.53 2.58

G05 ⇥ 1013 3.28 0.60 2.16 4.12 4.36

G06 ⇥ 1012 3.87 0.50 1.65 2.16 2.21

G07 ⇥ 1010 2.85 0.28 1.20 1.75 1.80

G08 ⇥ 1011 1.31 0.17 0.82 1.72 1.83

G09 ⇥ 1010 15.5 1.12 4.42 4.47 4.44

II. EFFECTIVE FIELD THEORY APPROACH
TO NEUTRINOLESS DOUBLE-BETA DECAY

The possibility that right-handed currents could con-
tribute neutrinoless double-beta decay (0⌫��) has been
already considered for some time [29, 35]. Recently, 0⌫��
studies [9, 36] have adopted the left-right symmetric
model [7, 37] for the inclusion of right-handed currents.
In the framework of the left-right symmetric model and
R-parity violating (��Rp

) supersymmetric (SUSY) model
[38–40], the half-life expression can be written as a sum
of products of PSF, BSM LNV parametes, and their cor-
responding NME [11]:

h
T 0⌫
1/2

i�1
= G01g

4
A

��⌘0⌫M0⌫ +
�
⌘L
NR

+ ⌘R
NR

�
M0N

+ ⌘
q̃

M
q̃

+ ⌘
�

0M
�

0 + ⌘
�

X
�

+ ⌘
⌘

X
⌘

|2 . (1)

Here, G01 is a phase space factor that can be calculated
with good precision for most cases [41–44], g

A

is the ax-

ial vector coupling constant, ⌘0⌫ = hm��i
me

, with hm
��

i
representing the e↵ective Majorana neutrino mass and
m

e

the electron mass. ⌘L
NR

, ⌘R
NR

are the heavy neutrino
parameters with left-handed and right-handed currents,
respectively [9, 21], ⌘

q̃

, ⌘
�

0 are ��Rp

SUSY LNV parame-
ters [45], ⌘

�

, and ⌘
⌘

are parameters for the so-called ”��”
and ”⌘�mechanism”, respectively [9]. M0⌫ , M0N , are the
light and the heavy neutrino exchange NME,M

q̃

,M
�

0 are
the��Rp

SUSY NME, andX
�

andX
⌘

denote combinations
of NME and other PSF (G02�G09) corresponding to the
the ��mechanism involving right-handed leptonic and
right-handed hadronic currents, and the ⌘�mechanism
with right-handed leptonic and left-handed hadronic cur-
rents, respectively [11].

In Table I we present the Q0⌫
��

values, the most re-
cent experimental half-life limits from the indicated ref-
erences, and the nine PSF for 0⌫�� transitions to ground
states of the daughter nucleus for five isotopes currently
under investigation. The PSF were calculated using a
new e↵ective method described in great detail in Ref.

TABLE II. The NME that appear in Eq. (1) and their cor-
responding LNV parameters for the five nuclei of current ex-
perimental interest.

48Ca 76Ge 82Se 130Te 136Xe

M0⌫ 1.03 3.64 3.42 1.93 1.75

M0N [25] 75.5 202 187 136 143

Mq̄ 107 339 320 185 169

M�0 370 619 570 415 366

X� 2.11 4.13 5.69 2.81 2.48

X⌘ 246 794 725 517 467

106·|⌘0⌫ | 27.5 0.50 3.70 1.37 0.28

109·|⌘0N | 376.5 8.97 67.5 19.5 3.49

109·|⌘q̄| 264 5.35 39.4 14.3 2.96

109·|⌘�0 | 76.9 2.92 22.1 6.39 1.36

107·|⌘�| 135 4.39 22.2 9.42 2.01

109·|⌘⌘| 115 2.28 17.4 5.13 1.07

[44]. G01 were calculated with a screening factor (s
f

) of
94.5, while G02 � G09 used s

f

= 92.0 that is shown to
provide good accuracy within 18% of those in Ref. [46].
Table II shows the shell model values the the NME

that enter Eq. (1). The heavy right-handed neutrino-
exchange NME M0N are taken from Ref. [25] that de-
scribes their formalism and calculation. M

q̄

and M
�

0 are
calculated using the description in Eq. (150) and Eq.
(155), respectively, of Ref. [45]. X

�

and X
⌘

are adapted
from C4 and C5 of Eq. (3.5.15d) and Eq. (3.5.15e), re-
spectively, in Ref. [29] multiplied by M

GT

/G01 to fit the
factorization of Eq. (1).
..........................

A more general approach is based on the e↵ective field
theory extension of the Standard Model. The analysis
based on the beyond standard model (BSM) e↵ective
field theory is more desirable, because it does not rely
on specific models, and their parameters could be ex-
tracted/constrained by the existing 0⌫�� data, and by

76Ge NME
136Xe NME
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FIG. 1. The 0⌫�� decay process diagrams: (1a) presents the
generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:

L6 =
G

Fp
2

2

4jµ
V�A

J†
V�A,µ

+
⇤X

↵,�

✏�
↵

j
�

J†
↵

3

5 , (2)

where J†
↵

= ūO
↵

d and j
�

= ēO
�

⌫ are hadronic
and leptonic Lorentz currents, respectively. The def-
initions of the O

↵,�

operators are given in Eq. (3)
of Ref. [15]. The LNV parameters are ✏�

↵

=
{✏V+A

V�A

, ✏V+A

V+A

, ✏S+P

S±P

, ✏TR

TL

, ✏TR

TR

}. The ”*” symbol in-
dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. G

F

= 1.1663787 ⇥ 10�5 GeV�2

denotes the Fermi coupling constant.
The 0⌫�� decay amplitude is proportional to the time-

ordered product of two e↵ective Lagrangians [15]:

T (L(1)
6 L(2)

6 ) =
G2

F

2
T
h
j
V�A

J†
V�A

j
V�A

J†
V�A

+ ✏�
↵

j
�

J†
↵

j
V�A

J†
V�A

+ ✏�
↵

✏�
�

j
�

J†
↵

j
�

J†
�

i
. (3)

In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:

L9 =
G2

F

2m
p

h
"1JJj + "2J

µ⌫J
µ⌫

j + "3J
µJ

µ

j

+"4J
µJ

µ⌫

j⌫ + "5J
µJj

µ

i
, (4)

with "�
↵

= "xyz
↵

= {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:

h
T 0⌫
1/2

i�1
=g4

A

2

4
X

i

|E
i

|2 M2
i

+Re

2

4
X

i 6=j

E
i

E
j

M
ij

3

5

3

5 . (5)

Here, the E
i

contain the neutrino physics parameters,
with E1 = ⌘0⌫ representing the exchange of light left-
handed neutrinos corresponding to Fig. 2b, E2�7 =
{✏V+A

V�A

, ✏V+A

V+A

, ✏S+P

S±P

, ✏TR

TL

, ✏TR

TR

, ⌘
⇡⌫

} are the long-
range parameters appearing in Figs. 2c and 2e, and

E8�15 = {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6, ⌘1⇡, ⌘2⇡}

denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2

i

as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E

↵

E
�

M
↵�

are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
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data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:
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d and j
�

= ēO
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of Ref. [15]. The LNV parameters are ✏�

↵

=
{✏V+A

V�A

, ✏V+A

V+A

, ✏S+P

S±P

, ✏TR

TL

, ✏TR

TR

}. The ”*” symbol in-
dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. G
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denotes the Fermi coupling constant.
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ordered product of two e↵ective Lagrangians [15]:
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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with "�
↵

= "xyz
↵

= {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:
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Here, the E
i

contain the neutrino physics parameters,
with E1 = ⌘0⌫ representing the exchange of light left-
handed neutrinos corresponding to Fig. 2b, E2�7 =
{✏V+A
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, ✏TR
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} are the long-
range parameters appearing in Figs. 2c and 2e, and

E8�15 = {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6, ⌘1⇡, ⌘2⇡}

denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2

i

as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E

↵

E
�

M
↵�

are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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FIG. 2. Similar to Fig.1, we present the nucleon-level diagrams of 0⌫�� decay process : (2a) presents the generic description
of the process, (2b) shows the light left-handed neutrino exchange, (2c) is the long-range component, Subfigure 2d shows the
short-range contribution. On the second line, (2e) is the pion-neutrino component, (2f) is the one-pion long-range contribution
of the⇢Rp SUSY induced 0⌫�� diagram, and (2g presents the two-pion long-range contribution of the⇢Rp SUSY induced 0⌫��.
The e↵ective couplings ⌘1⇡ and ⌘2⇡ are related to Eq. (16) as ⌘1⇡ = c1⇡⌘⇡N and ⌘2⇡ = c2⇡⌘⇡N .

III. EXPERIMENTAL LIMITS ON THE BSM
LNV COUPLINGS

To obtain experimental limits on the e↵ective LNV
couplings one needs experimental half-life limits, accu-
rate calculations of the PSF that depend on the Q0⌫

��

val-
ues and on the charge of the initial and the final nuclei,
together with reliable NME results calculated using nu-
clear structure methods tested to correctly describe the
experimental nuclear structure data available for the nu-
clei involved.
...............
We split our analysis of the LNV parameter into three
subsections corresponding the the exchange of light left-
handed Majorana neutrinos, the short-range BSM cou-
plings and the long-range BSM coupling.

A. The exchange of light left-handed neutrinos

Most studies in the literature have only considered the
case where only the exchange of light left-handed Ma-
jorana neutrinos contribute to the 0⌫�� decay process,
presented in Figs. 1b and 2b. Beacause of this, one can
easily find calculations of NME and PSF for this scenario.

Considering this case, we write the half-life:

h
T 0⌫
1/2

i�1
= g4

A

|⌘0⌫ |2 M2
0⌫ , (6)

with g
A

= 1.27, M2
0⌫ contains the NME and the PFS (see

Eq. (8) below), ⌘0⌫ = hm��i
me

, where is the m
e

the elec-
tron mass and hm

��

i represents the e↵ective Majorana
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is the PMNS mixing matrix [49, 50] and the
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where g
V

= 1 is the vector coupling constant and G01

is the phase-space factor. The three NME, M
GT

, M
F

,
and M

T

(shown in Table IX) correpsond to the Gamow-
Teller, Fermi and Tensor transition operators, respec-
tively, and are described in the Appendix.

3

0νββ
eL R

−

u

u

d

d

eL R
−

(a) The generic 0⌫�� decay

diagram at the quark-level.

=

d

d

u

u

eL
−

ν

W L

W L
eL

−

(b) Light left-handed neutrino

exchange diagram.

+

d

d

u

u

ν

W L

ϵ

eL R
−

eL
−

(c) The long-range part of the

0⌫�� diagram.

+

eL/ R
−

u

u

d

d

eL/ R
−

ε

(d) The short-range part of

the 0⌫�� diagram.

FIG. 1. The 0⌫�� decay process diagrams: (1a) presents the
generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:
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where J†
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d and j
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and leptonic Lorentz currents, respectively. The def-
initions of the O
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operators are given in Eq. (3)
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dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. G

F

= 1.1663787 ⇥ 10�5 GeV�2

denotes the Fermi coupling constant.
The 0⌫�� decay amplitude is proportional to the time-

ordered product of two e↵ective Lagrangians [15]:
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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with "�
↵

= "xyz
↵

= {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:
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Here, the E
i

contain the neutrino physics parameters,
with E1 = ⌘0⌫ representing the exchange of light left-
handed neutrinos corresponding to Fig. 2b, E2�7 =
{✏V+A

V�A

, ✏V+A

V+A

, ✏S+P

S±P

, ✏TR

TL

, ✏TR

TR

, ⌘
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} are the long-
range parameters appearing in Figs. 2c and 2e, and

E8�15 = {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6, ⌘1⇡, ⌘2⇡}

denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2

i

as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E

↵

E
�

M
↵�

are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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FIG. 1. The 0⌫�� decay process diagrams: (1a) presents the
generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:
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taken out of the sum. G
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= 1.1663787 ⇥ 10�5 GeV�2

denotes the Fermi coupling constant.
The 0⌫�� decay amplitude is proportional to the time-
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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with "�
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= "xyz
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= {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:
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with E1 = ⌘0⌫ representing the exchange of light left-
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3 , "
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denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2
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as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E

↵

E
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M
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are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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FIG. 1. The 0⌫�� decay process diagrams: (1a) presents the
generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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with "�
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3 , "
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3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:
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Here, the E
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contain the neutrino physics parameters,
with E1 = ⌘0⌫ representing the exchange of light left-
handed neutrinos corresponding to Fig. 2b, E2�7 =
{✏V+A
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} are the long-
range parameters appearing in Figs. 2c and 2e, and

E8�15 = {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6, ⌘1⇡, ⌘2⇡}

denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2

i

as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E

↵

E
�

M
↵�

are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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with "�
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= {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:
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Here, the E
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contain the neutrino physics parameters,
with E1 = ⌘0⌫ representing the exchange of light left-
handed neutrinos corresponding to Fig. 2b, E2�7 =
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range parameters appearing in Figs. 2c and 2e, and

E8�15 = {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6, ⌘1⇡, ⌘2⇡}

denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2

i

as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E

↵

E
�

M
↵�

are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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FIG. 1. The 0⌫�� decay process diagrams: (1a) presents the
generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:
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d and j
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dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. G
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= 1.1663787 ⇥ 10�5 GeV�2

denotes the Fermi coupling constant.
The 0⌫�� decay amplitude is proportional to the time-

ordered product of two e↵ective Lagrangians [15]:
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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with "�
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= "xyz
↵

= {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:
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contain the neutrino physics parameters,
with E1 = ⌘0⌫ representing the exchange of light left-
handed neutrinos corresponding to Fig. 2b, E2�7 =
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range parameters appearing in Figs. 2c and 2e, and

E8�15 = {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6, ⌘1⇡, ⌘2⇡}

denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2

i

as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E
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E
�

M
↵�

are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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FIG. 1. The 0⌫�� decay process diagrams: (1a) presents the
generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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with "�
↵
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3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:
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denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2
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as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E
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are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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FIG. 1. The 0⌫�� decay process diagrams: (1a) presents the
generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).

We treat the long-range component of the 0⌫�� dia-
gram as two point-like vertices at the Fermi scale, which
exchange a light neutrino. In this case, the Lagrangian
can be expressed in terms of e↵ective couplings [15]:

L6 =
G

Fp
2

2

4jµ
V�A

J†
V�A,µ

+
⇤X

↵,�

✏�
↵

j
�

J†
↵

3

5 , (2)

where J†
↵

= ūO
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In the short-range part of the diagram presented in Fig.
1d we consider the interaction to be point-like. Express-
ing the general Lorentz-invariant Lagrangian in terms of
e↵ective couplings [39], we get:
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with "�
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= "xyz
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= {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6}.

These parameters have dependence on the chirality of the
hadronic and the leptonic currents involved, with xyz =
L/R,L/L,L/R. In the case of "3, one can distiguish
between the di↵erent chiralities thus we express them

separately as "
LLz(RRz)
3 and "

LRz(RLz)
3 . As illustrated

in the diagrams of Fig.1 in Ref. [47], at the electroweak
scale the long-range dimension 6 Lagrangian L6 is written
in terms of dimension 5 and dimension 7 operators, and
the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
ters:
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Here, the E
i

contain the neutrino physics parameters,
with E1 = ⌘0⌫ representing the exchange of light left-
handed neutrinos corresponding to Fig. 2b, E2�7 =
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range parameters appearing in Figs. 2c and 2e, and

E8�15 = {"1, "2, "LLz(RRz)
3 , "

LRz(RLz)
3 , "4, "6, ⌘1⇡, ⌘2⇡}

denote the short-range parameters at the quark level in-
volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2

i

as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E

↵

E
�

M
↵�

are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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FIG. 1. The 0⌫�� decay process diagrams: (1a) presents the
generic description of the process, (1b) shows the most studied
case in the literature, that of the light left-handed neutrino
exchange, (1c) is the long-range component of the 0⌫�� decay
diagram, while (1d) displays the short-range part.

data from LHC and other experiments.
At the quark-level, we present the generic 0⌫�� Feyn-

man diagrams in Figure 1. We consider contributions
coming from the light left-handed Majorana neutrino
(Fig. 1b), a long-range part coming from the low-energy
four-fermion charged-current interaction (Fig. 1c), and a
short-range part (Fig. 1d).
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the short-range dimension 9 Lagrangian is expressed with
dimension 9 and dimension 11 operators.
When calculating the NME and extracting LNV pa-

rameter limits, it is necessary to identify the contri-
butions to the decay rate that correspond to di↵erent
hadronization prescriptions. Figure 2 shows the nucleon-
level diagrams in a similar way to Figure 1, but detailing
tree additional components related to the pion-exchange.
After hadronization (see Fig. 2), the extra terms in
the Lagrangian require the knowledge of 23 individual
NME[13–15, 38, 45, 47]. We can write the half-life in a
factorized compact form that is useful when calculating
the on-axis values (when only one term in the e↵ective
Lagrangian dominates the process) of the LNV parame-
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volved in the diagram of Fig. 2d, 2f, 2g. Following Refs.
[13–15, 45], we write M2
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as combinations of NME de-
scribed in Eqs. (8, 10, 12, 14, and 16) (see also Eq.(18)
in the Appendix for the individial NME) and integrated
PSF [44] denoted with G01 � G09. Our values of the
PSF are presented in Table I. In some cases the inter-
ference terms E
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are small [48] and can be ne-
glected. Considering an on-axis approach when extract-
ing the LNV parameters limits, the interference terms are
not taken into account in our analysis. In the following,
we extract the on-axis values of these parameters using
the most recent experimental limits of the half-lives, as
presented in Table I.
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representative examples that mediate 0νββ decay via stan-
dard or nonstandard light neutrino exchange, or via short-
range interactions at tree level.

II. NEUTRINOLESS DOUBLE BETA DECAY

The most prominent probe of low energy LNV is 0νββ
decay, the simultaneous transition of two neutrons into two
protons and two electrons. The most general Lagrangian
triggering the decay can be parametrized as depicted in
Fig. 1, in terms of effective 6-dim and 9-dim operators at
the nuclear Fermi scale Oð100 MeVÞ [7]. The diagrams
show the exchange of a light Majorana neutrino generated
by O5 between two SM Fermi interactions (a), the
exchange of a light neutrino between a Fermi interaction
and the operator O7 (b), and two short-range contributions
triggered by the operators O9 (c) and O11 (d).
The 0νββ half-life can be succinctly written in terms of

an effective coupling ϵi of a single operator as T−1
1=2 ¼

ϵ2i GijMij2, where Gi and Mi are the nuclear 0νββ phase
space factor and matrix element, respectively, for a given
isotope and operator. The effective couplings ϵi are con-
nected to the scales of the operators in Eq. (2) as [8]
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g2v2
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;
GFϵ7ffiffiffi
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2Λ3
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;
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Λ7
11

#
: ð3Þ

In terms of the effective 0νββ mass mee, one simply has
ϵ5 ¼ mee=me with the electron mass me, whereas the other
couplings are normalized with respect to the Fermi cou-
pling GF and the proton mass mp. The Higgs vacuum
expectation value v ¼ 174 GeV arises from EW symmetry
breaking thereby generating the effective 6-dim and 9-dim

operators for 0νββ. Powers of a generic (average) coupling
constant g are included to illustrate the scaling expected in
a tree level ultraviolet (UV) completion of an operator.
In the following we will set g ¼ 1 for simplicity.
The most stringent bounds are currently derived from

experimental 0νββ searches in 76Ge and 136Xe with
90% C.L. limits of T1=2 > 2.1 × 1025 y [9] and T0

1=2 >
ð1.1 − 1.9Þ × 1025 y [10,11], respectively. In deriving the
corresponding scales of the operators we use the results of
[8] for 76Ge. Planned future experiments aim to increase the
sensitivity by potentially 2 orders of magnitude to T1=2 ≈
1027 y [12]. Assuming the dominance of a single operator,
the half-life can be expressed as

T1=2 ¼ 2.1 × 1025 y · ðΛD=Λ0
DÞ2d−8; ð4Þ

where Λ0
D is the scale corresponding to the current

sensitivity. Table I lists the values of Λ0
D for our selection

of operators. The scaling dimension d is identical to the
operator dimensionD if 0νββ is generated at tree level from
the underlying operator, as in the cases we discuss, but
could be smaller for loop-induced diagrams. As mentioned
before, the operators in Eq. (2) act as examples for the
different types of 0νββ decay mediation. Similar results
hold for the other 125 operators and other Lorentz
structures. The latter will affect the 0νββ sensitivity some-
what, but due to the high dimensionality of the operators
this will only weakly impact the derived scales. Many of the
129 operators will induce 0νββ nonstandard mechanisms
only at the loop level; in such cases, there will be additional
loop suppression factors in the relations analogous to
Eq. (3). This will make it unlikely that such contributions
can be observed in 0νββ decay, but if they were, our
following argumentation with respect to baryogenesis
would be even stronger.
If 0νββ decay was observed, the responsible operator

would still be unknown. Although discriminating between
the different underlying operators is a challenging task,
various ideas have been proposed how this could be
achieved, at least for a subset of the various contributions.
Cosmological observations such as anisotropies of the
cosmic microwave background or the large scale structure
can set stringent constraints on the sum of neutrino masses;
the Planck Collaboration, for example, recently attainedP

mν < 0.17 [1], which can be further improved by future

(a) (b)

(c) (d)

FIG. 1 (color online). Contributions to 0νββ decay generated by
the operators O5 (a), O7 (b), O9 (c) and O11 (d), as given in
Eq. (2), in terms of effective vertices, pointlike at the nuclear
Fermi momentum scale.

TABLE I. Operator scale Λ0
D and minimal washout scale λ0D for

the LNV operators in Eq. (2) and the current 0νββ sensitivity
T1=2 ¼ 2.1 × 1025 y.

OD λ0D [GeV] Λ0
D [GeV]

O5 9.2 × 1010 9.1 × 1013

O7 1.2 × 102 2.6 × 104

O9 4.3 × 101 2.1 × 103

O11 7.8 × 101 1.0 × 103
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TABLE VIII. The ⇤D scale limits and the minimal washout
scales �D and �̂D for the 0⌫�� decay of 136Xe with a half-life
limit T1/2 > 1.1⇥ 1026 years.

OD ✏̄D ⇤D �D �̂D

O5 2.8⇥ 10�7 2.12⇥ 1014 4.94⇥ 1011 8.20⇥ 1012

O7 2.0⇥ 10�7 3.75⇥ 104 1.78⇥ 102 4.32⇥ 102

O9 1.5⇥ 10�7 2.48⇥ 103 5.10⇥ 101 1.74⇥ 102

O11 1.5⇥ 10�7 1.16⇥ 103 8.73⇥ 101 1.74⇥ 102

and 2g, "̃1 provides significantly more stringent upper-
limits than "1. With the exception of 48Ca, where the
"̃2 limit is identical to "2, the other "̃2 upper-limits are
almost double those of "2.
...........
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Here, m
e

= 0.511⇥10�3 GeV is the electron mass, g = 1
is a generic coupling constant, v = 174 GeV is the Higgs
vaccum expectation value, G

F

= 1.166 ⇥ 10�5 GeV�2

is the Fermi coupling constant, and m
p

= 0.938 GeV is

the proton mass. ✏̄5 = |⌘0⌫ |, ✏̄7 = Max
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i
, and ✏̄11 = ✏̄9.

To extract the operator scale limits ⇤5,7,9,11 we need
the most stringent limits for the LNV parameters, which
are found in the case of 136Xe. Because of this, we focus
our analysis on using the ✏̄

D

(with D = {5, 7, 9, 11})
values from this nucleus. ✏̄5 corresponds to the ⌘0⌫ pa-
rameter of the light left-handed Majorana neutrino ex-
change mechanism. For ✏̄7 we choose ✏V+A

V�A

, that is the
largest long-range ✏�

↵

parameter. In the case of ✏̄9 = ✏̄11
we select "1, being the largest short-range "�

↵

parameter.

V. CONCLUSIONS

This work advances and extends the analysis of beyond
standard model physics parameters involved in the neu-
trinoless double-beta decay. We calculate 23 nuclear ma-
trix elements and 9 phase-space factors. Using a general
e↵ective field theory, we extract limits for the e↵ective
Majorana mass and 11 e↵ective couplings in the case of
five nuclei of immediate experimental interest. Due to

the better half-life limits, the most stringent limits found
are for 136Xe, closely followed by 76Ge. An upper-limit
for the Majorana neutrino mass hm

��

i of 140 meV was
calculated in the case of 136Xe.

Should neutrinoless double-beta decay be experimen-
tally observed, a thorough analysis of the outgoing elec-
trons (presented in Ref. [11]) and precise calculations of
the matrix elements are needed to investigate the pres-
ence of right-handed currents and the dominant mechan-
sim.

VI. APPENDIX

In this Appendix, we present the detailed expressions
for the M2

i

NME that are needed to analyze the outcome
of Eq.(5).

The NME that enter the equations (8, 10, 12, 14, and
16) are written as a product of two-body transition den-
sities (TBTD) and two-body matrix elements (TBME),
where the summation is over all the nucleon states. Their
numerical values when calculated within the shell model
approach are presented in Table IX for the light lef-
handed Majorana neutrino exchange, in Table X for the
long-range part in Fig. 2, and in Table XI for the short-
range component of Fig. 2. The general expressions for
the NME are (see Refs. [11, 21, 29]):
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We group the operators that share similar structure into
five families.

Gamow-Teller operator : O�

12 = ~�1 · ~�2H�

(r),

Fermi operator : O�

12 = H
�

(r),

Tensor operator : O✓

12 = [3(~�1 · r̂)(~�2 · r̂)� ~�1 · ~�2]H✓

(r),

P operator : OP
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(r),

R operator : OR

12 = ~�1 · ~�2HR

(r).

Here, � = GT , GT!, GTq, GTN , GT 0, GT 00, GT⇡⌫,
GT1⇡, GT2⇡, � = F, F!, F q, FN, F 0, and ✓ =
T, Tq, T 0, T 00, T⇡⌫, T1⇡, T2⇡. Equations (21) present
the radial part of the NME and their expressions are
adapted for consistency from Refs. [29],[15], and [45].
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representative examples that mediate 0νββ decay via stan-
dard or nonstandard light neutrino exchange, or via short-
range interactions at tree level.

II. NEUTRINOLESS DOUBLE BETA DECAY

The most prominent probe of low energy LNV is 0νββ
decay, the simultaneous transition of two neutrons into two
protons and two electrons. The most general Lagrangian
triggering the decay can be parametrized as depicted in
Fig. 1, in terms of effective 6-dim and 9-dim operators at
the nuclear Fermi scale Oð100 MeVÞ [7]. The diagrams
show the exchange of a light Majorana neutrino generated
by O5 between two SM Fermi interactions (a), the
exchange of a light neutrino between a Fermi interaction
and the operator O7 (b), and two short-range contributions
triggered by the operators O9 (c) and O11 (d).
The 0νββ half-life can be succinctly written in terms of

an effective coupling ϵi of a single operator as T−1
1=2 ¼

ϵ2i GijMij2, where Gi and Mi are the nuclear 0νββ phase
space factor and matrix element, respectively, for a given
isotope and operator. The effective couplings ϵi are con-
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In terms of the effective 0νββ mass mee, one simply has
ϵ5 ¼ mee=me with the electron mass me, whereas the other
couplings are normalized with respect to the Fermi cou-
pling GF and the proton mass mp. The Higgs vacuum
expectation value v ¼ 174 GeV arises from EW symmetry
breaking thereby generating the effective 6-dim and 9-dim

operators for 0νββ. Powers of a generic (average) coupling
constant g are included to illustrate the scaling expected in
a tree level ultraviolet (UV) completion of an operator.
In the following we will set g ¼ 1 for simplicity.
The most stringent bounds are currently derived from

experimental 0νββ searches in 76Ge and 136Xe with
90% C.L. limits of T1=2 > 2.1 × 1025 y [9] and T0

1=2 >
ð1.1 − 1.9Þ × 1025 y [10,11], respectively. In deriving the
corresponding scales of the operators we use the results of
[8] for 76Ge. Planned future experiments aim to increase the
sensitivity by potentially 2 orders of magnitude to T1=2 ≈
1027 y [12]. Assuming the dominance of a single operator,
the half-life can be expressed as

T1=2 ¼ 2.1 × 1025 y · ðΛD=Λ0
DÞ2d−8; ð4Þ

where Λ0
D is the scale corresponding to the current

sensitivity. Table I lists the values of Λ0
D for our selection

of operators. The scaling dimension d is identical to the
operator dimensionD if 0νββ is generated at tree level from
the underlying operator, as in the cases we discuss, but
could be smaller for loop-induced diagrams. As mentioned
before, the operators in Eq. (2) act as examples for the
different types of 0νββ decay mediation. Similar results
hold for the other 125 operators and other Lorentz
structures. The latter will affect the 0νββ sensitivity some-
what, but due to the high dimensionality of the operators
this will only weakly impact the derived scales. Many of the
129 operators will induce 0νββ nonstandard mechanisms
only at the loop level; in such cases, there will be additional
loop suppression factors in the relations analogous to
Eq. (3). This will make it unlikely that such contributions
can be observed in 0νββ decay, but if they were, our
following argumentation with respect to baryogenesis
would be even stronger.
If 0νββ decay was observed, the responsible operator

would still be unknown. Although discriminating between
the different underlying operators is a challenging task,
various ideas have been proposed how this could be
achieved, at least for a subset of the various contributions.
Cosmological observations such as anisotropies of the
cosmic microwave background or the large scale structure
can set stringent constraints on the sum of neutrino masses;
the Planck Collaboration, for example, recently attainedP

mν < 0.17 [1], which can be further improved by future

(a) (b)

(c) (d)

FIG. 1 (color online). Contributions to 0νββ decay generated by
the operators O5 (a), O7 (b), O9 (c) and O11 (d), as given in
Eq. (2), in terms of effective vertices, pointlike at the nuclear
Fermi momentum scale.

TABLE I. Operator scale Λ0
D and minimal washout scale λ0D for

the LNV operators in Eq. (2) and the current 0νββ sensitivity
T1=2 ¼ 2.1 × 1025 y.

OD λ0D [GeV] Λ0
D [GeV]

O5 9.2 × 1010 9.1 × 1013

O7 1.2 × 102 2.6 × 104

O9 4.3 × 101 2.1 × 103

O11 7.8 × 101 1.0 × 103

DEPPISCH et al. PHYSICAL REVIEW D 92, 036005 (2015)

036005-2

7

TABLE VIII. The ⇤D scale limits and the minimal washout
scales �D and �̂D for the 0⌫�� decay of 136Xe with a half-life
limit T1/2 > 1.1⇥ 1026 years.

OD ✏̄D ⇤D �D �̂D

O5 2.8⇥ 10�7 2.12⇥ 1014 4.94⇥ 1011 8.20⇥ 1012

O7 2.0⇥ 10�7 3.75⇥ 104 1.78⇥ 102 4.32⇥ 102

O9 1.5⇥ 10�7 2.48⇥ 103 5.10⇥ 101 1.74⇥ 102

O11 1.5⇥ 10�7 1.16⇥ 103 8.73⇥ 101 1.74⇥ 102

and 2g, "̃1 provides significantly more stringent upper-
limits than "1. With the exception of 48Ca, where the
"̃2 limit is identical to "2, the other "̃2 upper-limits are
almost double those of "2.
...........

L
D

=
g

⇤D�4
D

O
D

(17)

m
e

✏̄5 =
g2v2

⇤5
,

G
F

✏̄7p
2

=
g3v

2⇤3
7

,

G
F

✏̄9
2m

p

=
g4

⇤5
9

,
G

F

✏̄11
2m

p

=
g6v2

⇤7
11

. (18)

Here, m
e

= 0.511⇥10�3 GeV is the electron mass, g = 1
is a generic coupling constant, v = 174 GeV is the Higgs
vaccum expectation value, G

F

= 1.166 ⇥ 10�5 GeV�2

is the Fermi coupling constant, and m
p

= 0.938 GeV is

the proton mass. ✏̄5 = |⌘0⌫ |, ✏̄7 = Max
h
|✏V+A

V�A

|, |✏V+A

V+A

|,
|✏S+P

S±P

|, |✏TR

TL

|, |✏TR

TR

|
i
, ✏̄9 = Max

h
|"1|, |"2|, |"LLz(RRz)

3 |,
|"LRz(RLz)

3 |, |"4|, |"5|
i
, and ✏̄11 = ✏̄9.

To extract the operator scale limits ⇤5,7,9,11 we need
the most stringent limits for the LNV parameters, which
are found in the case of 136Xe. Because of this, we focus
our analysis on using the ✏̄

D

(with D = {5, 7, 9, 11})
values from this nucleus. ✏̄5 corresponds to the ⌘0⌫ pa-
rameter of the light left-handed Majorana neutrino ex-
change mechanism. For ✏̄7 we choose ✏V+A

V�A

, that is the
largest long-range ✏�

↵

parameter. In the case of ✏̄9 = ✏̄11
we select "1, being the largest short-range "�

↵

parameter.

V. CONCLUSIONS

This work advances and extends the analysis of beyond
standard model physics parameters involved in the neu-
trinoless double-beta decay. We calculate 23 nuclear ma-
trix elements and 9 phase-space factors. Using a general
e↵ective field theory, we extract limits for the e↵ective
Majorana mass and 11 e↵ective couplings in the case of
five nuclei of immediate experimental interest. Due to

the better half-life limits, the most stringent limits found
are for 136Xe, closely followed by 76Ge. An upper-limit
for the Majorana neutrino mass hm

��

i of 140 meV was
calculated in the case of 136Xe.

Should neutrinoless double-beta decay be experimen-
tally observed, a thorough analysis of the outgoing elec-
trons (presented in Ref. [11]) and precise calculations of
the matrix elements are needed to investigate the pres-
ence of right-handed currents and the dominant mechan-
sim.

VI. APPENDIX

In this Appendix, we present the detailed expressions
for the M2

i

NME that are needed to analyze the outcome
of Eq.(5).

The NME that enter the equations (8, 10, 12, 14, and
16) are written as a product of two-body transition den-
sities (TBTD) and two-body matrix elements (TBME),
where the summation is over all the nucleon states. Their
numerical values when calculated within the shell model
approach are presented in Table IX for the light lef-
handed Majorana neutrino exchange, in Table X for the
long-range part in Fig. 2, and in Table XI for the short-
range component of Fig. 2. The general expressions for
the NME are (see Refs. [11, 21, 29]):

M
↵

=
X

jpjp0 jnjn0J⇡

TBTD (j
p

j
p

0 , j
n

j
n

0 ; J⇡)

⇥
D
j
p

j
p

0 ; J⇡

���⌧�1⌧�2O�,�,✓,P,R

12

��� j
n

j
n

0 ; J⇡

E
. (19)

We group the operators that share similar structure into
five families.

Gamow-Teller operator : O�

12 = ~�1 · ~�2H�

(r),

Fermi operator : O�

12 = H
�

(r),

Tensor operator : O✓

12 = [3(~�1 · r̂)(~�2 · r̂)� ~�1 · ~�2]H✓

(r),

P operator : OP

12 = (~�1 � ~�2)HP

(r),

R operator : OR

12 = ~�1 · ~�2HR

(r).

Here, � = GT , GT!, GTq, GTN , GT 0, GT 00, GT⇡⌫,
GT1⇡, GT2⇡, � = F, F!, F q, FN, F 0, and ✓ =
T, Tq, T 0, T 00, T⇡⌫, T1⇡, T2⇡. Equations (21) present
the radial part of the NME and their expressions are
adapted for consistency from Refs. [29],[15], and [45].
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e

m
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Z
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(q2)j0(qr)q
2 dq , (21d)
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representative examples that mediate 0νββ decay via stan-
dard or nonstandard light neutrino exchange, or via short-
range interactions at tree level.

II. NEUTRINOLESS DOUBLE BETA DECAY

The most prominent probe of low energy LNV is 0νββ
decay, the simultaneous transition of two neutrons into two
protons and two electrons. The most general Lagrangian
triggering the decay can be parametrized as depicted in
Fig. 1, in terms of effective 6-dim and 9-dim operators at
the nuclear Fermi scale Oð100 MeVÞ [7]. The diagrams
show the exchange of a light Majorana neutrino generated
by O5 between two SM Fermi interactions (a), the
exchange of a light neutrino between a Fermi interaction
and the operator O7 (b), and two short-range contributions
triggered by the operators O9 (c) and O11 (d).
The 0νββ half-life can be succinctly written in terms of

an effective coupling ϵi of a single operator as T−1
1=2 ¼

ϵ2i GijMij2, where Gi and Mi are the nuclear 0νββ phase
space factor and matrix element, respectively, for a given
isotope and operator. The effective couplings ϵi are con-
nected to the scales of the operators in Eq. (2) as [8]

meϵ5 ¼
g2v2

Λ5

;
GFϵ7ffiffiffi

2
p ¼ g3v

2Λ3
7

;

G2
Fϵf9;11g
2mp

¼
"
g4

Λ5
9

;
g6v2

Λ7
11

#
: ð3Þ

In terms of the effective 0νββ mass mee, one simply has
ϵ5 ¼ mee=me with the electron mass me, whereas the other
couplings are normalized with respect to the Fermi cou-
pling GF and the proton mass mp. The Higgs vacuum
expectation value v ¼ 174 GeV arises from EW symmetry
breaking thereby generating the effective 6-dim and 9-dim

operators for 0νββ. Powers of a generic (average) coupling
constant g are included to illustrate the scaling expected in
a tree level ultraviolet (UV) completion of an operator.
In the following we will set g ¼ 1 for simplicity.
The most stringent bounds are currently derived from

experimental 0νββ searches in 76Ge and 136Xe with
90% C.L. limits of T1=2 > 2.1 × 1025 y [9] and T0

1=2 >
ð1.1 − 1.9Þ × 1025 y [10,11], respectively. In deriving the
corresponding scales of the operators we use the results of
[8] for 76Ge. Planned future experiments aim to increase the
sensitivity by potentially 2 orders of magnitude to T1=2 ≈
1027 y [12]. Assuming the dominance of a single operator,
the half-life can be expressed as

T1=2 ¼ 2.1 × 1025 y · ðΛD=Λ0
DÞ2d−8; ð4Þ

where Λ0
D is the scale corresponding to the current

sensitivity. Table I lists the values of Λ0
D for our selection

of operators. The scaling dimension d is identical to the
operator dimensionD if 0νββ is generated at tree level from
the underlying operator, as in the cases we discuss, but
could be smaller for loop-induced diagrams. As mentioned
before, the operators in Eq. (2) act as examples for the
different types of 0νββ decay mediation. Similar results
hold for the other 125 operators and other Lorentz
structures. The latter will affect the 0νββ sensitivity some-
what, but due to the high dimensionality of the operators
this will only weakly impact the derived scales. Many of the
129 operators will induce 0νββ nonstandard mechanisms
only at the loop level; in such cases, there will be additional
loop suppression factors in the relations analogous to
Eq. (3). This will make it unlikely that such contributions
can be observed in 0νββ decay, but if they were, our
following argumentation with respect to baryogenesis
would be even stronger.
If 0νββ decay was observed, the responsible operator

would still be unknown. Although discriminating between
the different underlying operators is a challenging task,
various ideas have been proposed how this could be
achieved, at least for a subset of the various contributions.
Cosmological observations such as anisotropies of the
cosmic microwave background or the large scale structure
can set stringent constraints on the sum of neutrino masses;
the Planck Collaboration, for example, recently attainedP

mν < 0.17 [1], which can be further improved by future

(a) (b)

(c) (d)

FIG. 1 (color online). Contributions to 0νββ decay generated by
the operators O5 (a), O7 (b), O9 (c) and O11 (d), as given in
Eq. (2), in terms of effective vertices, pointlike at the nuclear
Fermi momentum scale.

TABLE I. Operator scale Λ0
D and minimal washout scale λ0D for

the LNV operators in Eq. (2) and the current 0νββ sensitivity
T1=2 ¼ 2.1 × 1025 y.

OD λ0D [GeV] Λ0
D [GeV]

O5 9.2 × 1010 9.1 × 1013

O7 1.2 × 102 2.6 × 104

O9 4.3 × 101 2.1 × 103

O11 7.8 × 101 1.0 × 103
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representative examples that mediate 0νββ decay via stan-
dard or nonstandard light neutrino exchange, or via short-
range interactions at tree level.

II. NEUTRINOLESS DOUBLE BETA DECAY

The most prominent probe of low energy LNV is 0νββ
decay, the simultaneous transition of two neutrons into two
protons and two electrons. The most general Lagrangian
triggering the decay can be parametrized as depicted in
Fig. 1, in terms of effective 6-dim and 9-dim operators at
the nuclear Fermi scale Oð100 MeVÞ [7]. The diagrams
show the exchange of a light Majorana neutrino generated
by O5 between two SM Fermi interactions (a), the
exchange of a light neutrino between a Fermi interaction
and the operator O7 (b), and two short-range contributions
triggered by the operators O9 (c) and O11 (d).
The 0νββ half-life can be succinctly written in terms of

an effective coupling ϵi of a single operator as T−1
1=2 ¼

ϵ2i GijMij2, where Gi and Mi are the nuclear 0νββ phase
space factor and matrix element, respectively, for a given
isotope and operator. The effective couplings ϵi are con-
nected to the scales of the operators in Eq. (2) as [8]

meϵ5 ¼
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In terms of the effective 0νββ mass mee, one simply has
ϵ5 ¼ mee=me with the electron mass me, whereas the other
couplings are normalized with respect to the Fermi cou-
pling GF and the proton mass mp. The Higgs vacuum
expectation value v ¼ 174 GeV arises from EW symmetry
breaking thereby generating the effective 6-dim and 9-dim

operators for 0νββ. Powers of a generic (average) coupling
constant g are included to illustrate the scaling expected in
a tree level ultraviolet (UV) completion of an operator.
In the following we will set g ¼ 1 for simplicity.
The most stringent bounds are currently derived from

experimental 0νββ searches in 76Ge and 136Xe with
90% C.L. limits of T1=2 > 2.1 × 1025 y [9] and T0

1=2 >
ð1.1 − 1.9Þ × 1025 y [10,11], respectively. In deriving the
corresponding scales of the operators we use the results of
[8] for 76Ge. Planned future experiments aim to increase the
sensitivity by potentially 2 orders of magnitude to T1=2 ≈
1027 y [12]. Assuming the dominance of a single operator,
the half-life can be expressed as

T1=2 ¼ 2.1 × 1025 y · ðΛD=Λ0
DÞ2d−8; ð4Þ

where Λ0
D is the scale corresponding to the current

sensitivity. Table I lists the values of Λ0
D for our selection

of operators. The scaling dimension d is identical to the
operator dimensionD if 0νββ is generated at tree level from
the underlying operator, as in the cases we discuss, but
could be smaller for loop-induced diagrams. As mentioned
before, the operators in Eq. (2) act as examples for the
different types of 0νββ decay mediation. Similar results
hold for the other 125 operators and other Lorentz
structures. The latter will affect the 0νββ sensitivity some-
what, but due to the high dimensionality of the operators
this will only weakly impact the derived scales. Many of the
129 operators will induce 0νββ nonstandard mechanisms
only at the loop level; in such cases, there will be additional
loop suppression factors in the relations analogous to
Eq. (3). This will make it unlikely that such contributions
can be observed in 0νββ decay, but if they were, our
following argumentation with respect to baryogenesis
would be even stronger.
If 0νββ decay was observed, the responsible operator

would still be unknown. Although discriminating between
the different underlying operators is a challenging task,
various ideas have been proposed how this could be
achieved, at least for a subset of the various contributions.
Cosmological observations such as anisotropies of the
cosmic microwave background or the large scale structure
can set stringent constraints on the sum of neutrino masses;
the Planck Collaboration, for example, recently attainedP

mν < 0.17 [1], which can be further improved by future
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FIG. 1 (color online). Contributions to 0νββ decay generated by
the operators O5 (a), O7 (b), O9 (c) and O11 (d), as given in
Eq. (2), in terms of effective vertices, pointlike at the nuclear
Fermi momentum scale.

TABLE I. Operator scale Λ0
D and minimal washout scale λ0D for

the LNV operators in Eq. (2) and the current 0νββ sensitivity
T1=2 ¼ 2.1 × 1025 y.

OD λ0D [GeV] Λ0
D [GeV]

O5 9.2 × 1010 9.1 × 1013

O7 1.2 × 102 2.6 × 104

O9 4.3 × 101 2.1 × 103

O11 7.8 × 101 1.0 × 103
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above the electroweak scale, Eq. (17).

m
e

✏̄5 =
g2(yv)2

⇤5
,

G
F

✏̄7p
2

=
g3(yv)

2(⇤7)3
,

G
F

✏̄9
2m

p

=
g4

(⇤9)5
,

G
F

✏̄11
2m

p

=
g6(yv)2

(⇤11)7
. (18)

Here, m
e

= 0.511⇥10�3 GeV is the electron mass, g = 1
is a generic coupling constant, v = 174 GeV is the Higgs
vacuum expectation value, G

F

= 1.166⇥ 10�5 GeV�2 is
the Fermi coupling constant, and m

p

= 0.938 GeV is the
proton mass. The ✏̄

D

(with D = {5, 7, 9, 11}) can be
extracted from the LNV parameters in Eqs. (2) and (3).
Considering that values of these LNV parameters may be
a↵ected by mixing angles that might distort the scales in
Eq. (17), we choose their maximum values: ✏̄5 = |⌘0⌫ |,
✏̄7 = Max

h
|✏V+A

V�A

|, |✏V+A

V+A

|, |✏S+P

S±P

|, |✏TR

TL

|, |✏TR

TR

|
i
, ✏̄9 =

Max
h
|"1|, |"2|, |"LLz(RRz)

3 |, |"LRz(RLz)
3 |, |"4|, |"5|

i
, and

✏̄11 = ✏̄9.
To extract the limits of the BSM scales ⇤5,7,9,11 we

need the most stringent limits for the LNV parameters,
which are found for the case of 136Xe. Inspecting Ta-
bles V and VII we found that ✏̄5 corresponds to the ⌘0⌫
parameter of the light left-handed Majorana neutrino ex-
change mechanism. For ✏̄7 we choose ✏V+A

V�A

, that is the
largest long-range ✏�

↵

parameter. In the case of ✏̄9 = ✏̄11
we select "1, being the largest short-range "�

↵

parameter.
These values are listed in Table VIII.

As in Ref. [71] we take g = 1 in Eq. (17). However,
we introduce here the Yukawa coupling y between the
Higgs boson field and the fermion fields, we we consider
two cases: (i) y = 1 corresponding to the choice made in
[71], and (ii) y = 3⇥ 10�6 corresponding to the electron
mass. Based on these values we calculate the limits of
the new BSM scales or di↵erent dimension-D operators.
The results are shown in Table VIII. The ⇤0

D

scales are
calculated using the present lower limit for the half-life
of 136Xe, 1.1⇥1028. ⇤

D

is estimated assuming a half-life
of T1/2 ⇡ 1.1⇥ 1028 years, which would correspond to a
hm

��

i ⇠ 14 meV.

VI. CONCLUSIONS

This work advances and extends the analysis of be-
yond standard model physics parameters involved in the
neutrinoless double-beta decay. We calculate 23 nuclear
matrix elements and 9 phase-space factors. Five of these
nuclear matrx elements (M

GT

0 , M
GT

00 , M
F

0 , M
T

0 , and
M

T

00) are calculated for the first time using shell model
techniques. Using a general e↵ective field theory, we ex-
tract limits for the e↵ective Majorana mass and 11 ef-
fective couplings in the case of five nuclei of immediate
experimental interest. Due to the better half-life lim-
its, the most stringent limits found are for 136Xe, closely

followed by 76Ge. An upper-limit for the Majorana neu-
trino mass hm

��

i of 140 meV was calculated in the case
of 136Xe.
Should neutrinoless double-beta decay be experimen-

tally observed, a thorough analysis of the outgoing elec-
trons (presented in Ref. [11]) and precise calculations of
the matrix elements are needed to investigate the pres-
ence of right-handed currents and the dominant mecha-
nism.

VII. APPENDIX

In this Appendix, we present the detailed expressions
for the M2

i

NME that are needed to analyze the outcome
of Eq.(5).
The NME that enter the equations (8, 10, 12, 14, and

16) are written as a product of two-body transition den-
sities (TBTD) and two-body matrix elements (TBME),
where the summation is over all the nucleon states. Their
numerical values when calculated within the shell model
approach are presented in Table IX for the light lef-
handed Majorana neutrino exchange, in Table X for the
long-range part in Fig. 2, and in Table XI for the short-
range component of Fig. 2. The general expressions for
the NME are (see Refs. [11, 26, 49]):

M
↵

=
X

jpjp0 jnjn0J⇡

TBTD (j
p

j
p

0 , j
n

j
n

0 ; J⇡)
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D
j
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j
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0 ; J⇡

���⌧�1⌧�2O�,�,✓,P,R

12

��� j
n

j
n

0 ; J⇡

E
. (19)

We group the operators that share similar structure into
five families.

Gamow-Teller operator : O�

12 = ~�1 · ~�2H�

(r),

Fermi operator : O�

12 = H
�

(r),

Tensor operator : O✓

12 = [3(~�1 · r̂)(~�2 · r̂)� ~�1 · ~�2]H✓

(r),

P operator : OP

12 = (~�1 � ~�2)HP

(r),

R operator : OR

12 = ~�1 · ~�2HR

(r).

Here, � = GT , GT!, GTq, GTN , GT 0, GT 00, GT⇡⌫,
GT1⇡, GT2⇡, � = F, F!, F q, FN, F 0, and ✓ =
T, Tq, T 0, T 00, T⇡⌫, T1⇡, T2⇡. Equations (21) present
the radial part of the NME and their expressions are
adapted for consistency from Refs. [49],[15], and [65].
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TABLE VI. The M2
↵ values for the short-range physics.

48Ca 76Ge 82Se 130Te 136Xe

1013·M2
1 1.08 0.75 2.81 1.98 1.63

108· M2
2 0.77 0.55 2.07 1.51 1.25

1010·M2
3LLz(RRz) 1.12 0.80 2.99 2.17 1.79

1011·M2
3LRz(RLz) 6.00 4.31 16.1 11.8 9.73

1010·M2
4 1.02 0.76 2.72 1.93 1.59

1013·M2
5 4.71 3.44 12.3 8.44 7.02

109· M2
⇡N 3.26 0.87 3.24 2.47 1.94

M2
4 = G09

(m
e

R)2

8

"
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(3)
1

g
A
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GTN

#2

, (14e)

M2
5 = G09

(m
e

R)2

8

"
F

(3)
S

g
V

g2
A

M
FN

#2

. (14f)

The parameters F
(3)
S

= 0.48 and T
(3)
1 = 1.38 are taken

form Ref. [75]. The values of these M2
↵�

are presented in
Table VI. Detailed expressions for M

GTN

and M
FN

are
presented in the Appendix, and their shell model values
are shown in Table XI.

Considering the 0⌫�� amplitudes displayed in Figs. 2f
and 2g in the one-pion and two-pion exchange modes it
is possible to get alternative limits for "1 and "2 consid-
ering a di↵erent NME, M

⇡N

. The analysis of Ref. [68]
suggests these alternative values, here denoted by "̃1 and
"̃2, can be obtained as "̃1 = 64

16⌘⇡N , and "̃2 = 2
3⌘⇡N , using

h
T 0⌫
1/2

i�1
= g4

A

h
|⌘

⇡N

|2 M2
⇡N

i
, (15)

where

M2
⇡N

= G01

⇥
c1⇡ (M

GT1⇡ +M
T1⇡)

+ c2⇡ (M
GT2⇡ +M

T2⇡)
⇤2

. (16)

The expressions for the factors c1⇡ and c2⇡ are found in
Eq. (151) of Ref. [65]. These factors depend on the
masses of the up and down quark, and choosing (m

u

+
m

d

) = 11.6 MeV [26, 76], one gets c1⇡ = �83.598, c2⇡ =
359.436 that we use in these calculations. The description
of M

↵

(with ↵ = GT1⇡, T1⇡, GT2⇡, T2⇡) is presented
in the Appendix.

Shown in Table VII are the values of the short-range
LNV parameters. Using the di↵erent hadronization pre-
sented in Figs. 2f and 2g, "̃1 provides significantly more
stringent upper-limits than "1. With the exception of
48Ca, where the "̃2 limit is identical to "2, the other "̃2
upper-limits are almost double those of "2.

V. DISCUSSIONS

From the ⌘0⌫ limits presented in Table III for 136Xe,
one gets the lowest shell model upper-limit for the Majo-
rana neutrino mass hm

��

i ⇠ 140 meV. A wider range of

TABLE VII. The “on-axis“ values of the long-range param-
eters "i. The last three lines present the ⌘⇡N limits for ⇢Rp

SUSY, and their corresponding "̃1 and "̃1 limits, respectively.
48Ca 76Ge 82Se 130Te 136Xe

|"1| 1.4 · 10�5 3.2 · 10�7 2.4 · 10�6 7.1 · 10�7 1.5 · 10�7

|"2| 5.1 · 10�8 1.2 · 10�9 8.8 · 10�9 2.6 · 10�9 5.4 · 10�10

|"LLz(RRz)
3 | 4.2 · 10�7 9.7 · 10�9 7.3 · 10�8 2.1 · 10�8 4.5 · 10�9

|"LRz(RLz)
3 | 5.7 · 10�7 1.3 · 10�8 9.9 · 10�8 2.9 · 10�8 6.1 · 10�9

|"4| 4.4 · 10�7 9.9 · 10�9 7.6 · 10�8 2.3 · 10�8 4.8 · 10�9

|"5| 6.5 · 10�6 1.5 · 10�7 1.1 · 10�6 3.4 · 10�7 7.2 · 10�8

|⌘⇡N | 7.7 · 10�8 2.9 · 10�9 2.2 · 10�8 6.4 · 10�9 1.4 · 10�9

|"̃1| 3.3 · 10�7 1.2 · 10�8 9.4 · 10�8 2.7 · 10�8 5.8 · 10�9

|"̃2| 5.1 · 10�8 1.9 · 10�9 1.5 · 10�8 4.3 · 10�9 9.1 · 10�10

TABLE VIII. The BSM e↵ective scale (in GeV) for di↵er-
ent dimension-D operators at the present 136Xe half-life limit
(⇤0

D) and for T1/2 ⇡ 1.1⇥ 1028 years (⇤D).

OD ✏̄D ⇤0
D(y = 1) ⇤0

D(y = ye) ⇤D(y = ye)

O5 2.8 · 10�7 2.12 · 1014 1904 19044

O7 2.0 · 10�7 3.75 · 104 541 1165

O9 1.5 · 10�7 2.47 · 103 2470 3915

O11 1.5 · 10�7 1.16 · 103 31 43

values, 60�165 meV can be found if the NME calculated
with a larger number of nuclear models are considered
[55].
Considering the diagram in Fig. 2e, it is possible to

get lower limits for ✏TR

TR

, denoted as ✏̃TR

TR

in Table V, than
those corresponding to the diagram in Fig. 2c, with the
exception of 48Ca, as can be seen in Table V. Considering
the di↵erent hadronization scenario presented in Figs. 2f
and 2g, "̃1 provides a significantly more stringent upper-
limits than "1. With the exception of 48Ca, where the
"̃2 limit is identical to "2, the other "̃2 upper-limits are
almost double those of "2.
As suggested in Ref. [71] (see the diagrams of

their Fig.1), at the electroweak scale the low-energy
dimension-6 Lagrangian L6 corresponds to dimension-5
and dimension-7 BSM operators, O5 and O7, when the
appropriate Higgs fields are included. Similarly the low
energy dimension-9 Lagrangian L9 can be rearranged as
dimension-9 and dimension-11 operators, O9 and O11,.
Using the e↵ective field theory one can infer the energy
scale ⇤

D

up to which this e↵ective field operators are not
broken:

L
D

=
g

(⇤
D

)D�4OD

(17)

where D is the dimension of the e↵ective field opera-
tor. Here g is considered to be a dimensionless coupling
constant of the order of 1. Following Ref. [71] one can
find relations between the constants entering our L6 and
L9 Lagrangian and the e↵ective field theory Lagrangian
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TABLE VI. The M2
↵ values for the short-range physics.

48Ca 76Ge 82Se 130Te 136Xe
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108· M2
2 0.77 0.55 2.07 1.51 1.25
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1010·M2
4 1.02 0.76 2.72 1.93 1.59

1013·M2
5 4.71 3.44 12.3 8.44 7.02

109· M2
⇡N 3.26 0.87 3.24 2.47 1.94
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The parameters F
(3)
S

= 0.48 and T
(3)
1 = 1.38 are taken

form Ref. [75]. The values of these M2
↵�

are presented in
Table VI. Detailed expressions for M

GTN

and M
FN

are
presented in the Appendix, and their shell model values
are shown in Table XI.
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exception of 48Ca, as can be seen in Table V. Considering
the di↵erent hadronization scenario presented in Figs. 2f
and 2g, "̃1 provides a significantly more stringent upper-
limits than "1. With the exception of 48Ca, where the
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Summary  
•  The physics of the neutrinos is very exciting and offers a 

lot of research opportunities. 
•  Double beta decay (DBD), if observed, will represent a 

big step forward in our understanding of the neutrinos, 
and of physics beyond the Standard Model. A Nobel 
prize may be awarded for its discovery. 

•  The physics learned from DBD is complementary to that 
learned from Large Hadron Collider (future colliders). 

•  Better nuclear matrix elements and effective DBD 
operators are needed, especially for the short range 
mechanisms. And we are working hard for that! 
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