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Figure 3: Global analysis of oscillation data from long-baseline accelerator, solar and Kam-
LAND, short-baseline reactor, and atmospheric neutrino experiments. Line styles and colors
are as in Fig. 1.

Adding atmospheric neutrinos: Global analysis of all oscillation data. Figure 3 is
analogous to Fig. 2, but includes atmospheric neutrino constraints as described in Section 2. With
respect to Fig. 2, the main di↵erences concern the unknown oscillation parameters. There is a more
pronounced preference for ✓23 > ⇡/4, although both octants are allowed at < 2�. The preference for
CP violation with sin � < 0 is confirmed, while CP conservation is disfavored at > 1.9� for NO and
> 3.5� for IO. Remarkably, the sensitivity of atmospheric data to the mass ordering is also consistent
with the hints from previous data sets and leads to

�
2
min(IO)� �

2
min(NO) = 9.5 (all oscillation data) , (18)

corresponding to a statistically significant confidence level N� ' 3.1. The increase from Eq. (17) to
Eq. (18) is mainly due to SK atmospheric data [80], but there is also a synergic contribution (by about
one unit of ��

2) from IC-DC data, that will be discussed in Sec. 4.

3.2 Summary and discussion of results

The preference for NO at the level of ��
2 ⇠ 9 in Eq. (18) represents an interesting result of our work.

This indication emerges consistently for increasingly rich data sets, as shown by the progression in
Eqs. (16)–(18), and thus deserves attention. Taken at face value, a 3� rejection of IO would imply that
the only relevant scenario is NO, together with its parameter ranges (see Fig. 3).

However, caution should be exercised at this stage, since the value ��
2 ⇠ 9 derives from two main

contributions of comparable size ��
2 ' 4–5 (corresponding to ⇠ 2�) but with rather di↵erent origin.

One contribution [Eq. (17)] comes basically from long-baseline accelerator data and their interplay
with short-baseline reactor data, where mass-ordering e↵ects can be understood with relatively simple
arguments in terms of ✓13 (see next Section). The other incremental contribution [from Eq.(17) to (18)]
comes basically from atmospheric data, where mass-ordering e↵ects are not apparent “at a glance”,
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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
e
i↵2 , e

i↵3 , e
i↵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
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FIG. 7. E↵ective Majorana mass as a function of the lightest neutrino mass in the three neutrino (left panel) and 3+1 neutrino
(right panel) scenarios, at 99.7% CL, comparing normal (red) and inverted (blue) ordering of the three active neutrinos. Adapted
from Ref. [90]. The green band represents the 90% CL bounds from KamLAND-Zen [39], given the uncertainty on the NME.

IV. RESULTS FROM COSMOLOGY

Massive neutrinos a↵ect the cosmological observables in di↵erent ways, that we shall summarize in what follows.
For a comprehensive review of the e↵ects of neutrino masses in cosmology, we refer the reader to the recent work
presented in [23].
A very important epoch when discussing the impact of massive neutrinos in the cosmological expansion history and

in the perturbation evolution is the redshift at which neutrinos become non-relativistic. This redshift is given by

1 + znr,i ' 1890
⇣ mi

1 eV

⌘
, (9)

with mi referring to the mass of each massive neutrino eigenstate. Current bounds on neutrino masses imply that at
least two out of the three massive eigenstates became non-relativistic in the matter dominated period of the universe.
As stated in the introductory section, and as we shall further illustrate along this section, cosmological measurements
are currently unable to extract individually the masses of the neutrino eigenstates and the ordering of their mass
spectrum and, therefore, concerning current cosmological data, all the limits on the neutrino mass ordering will come
from the sensitivity to the total neutrino mass

P
m⌫ . Consequently, in what follows, we shall mainly concentrate on

the e↵ects on the cosmological observables of
P

m⌫ , providing additional insights on the sensitivity to the ordering
of the individual mass eigenstates whenever relevant.

A. CMB

There are several imprints of neutrino masses on the CMB temperature fluctuations pattern once neutrinos become
non-relativistic: a shift in the matter-radiation equality redshift or a change in the amount of non-relativistic energy
density at late times, both induced by the evolution of the neutrino background, that will, respectively, a↵ect the
angular location of the acoustic peaks and the slope of the CMB tail, through the Late Integrated Sachs Wolfe (ISW)
e↵ect. The former will mostly modify ⇥s, i.e. the angular position of the CMB peaks, which is given by the ratio of
the sound horizon and the angular diameter distance, both evaluated at the recombination epoch. Massive neutrinos
enhance the Hubble expansion rate, with a consequent reduction of the angular diameter distance and an increase of
⇥s, which would correspond to a shift of the peaks towards larger (smaller) angular scales (multipoles). The latter, the
Late ISW e↵ect, is related to the fact that the gravitational potentials are constant in a matter-dominated universe.
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in the perturbation evolution is the redshift at which neutrinos become non-relativistic. This redshift is given by
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with mi referring to the mass of each massive neutrino eigenstate. Current bounds on neutrino masses imply that at
least two out of the three massive eigenstates became non-relativistic in the matter dominated period of the universe.
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are currently unable to extract individually the masses of the neutrino eigenstates and the ordering of their mass
spectrum and, therefore, concerning current cosmological data, all the limits on the neutrino mass ordering will come
from the sensitivity to the total neutrino mass
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the e↵ects on the cosmological observables of
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of the individual mass eigenstates whenever relevant.
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There are several imprints of neutrino masses on the CMB temperature fluctuations pattern once neutrinos become
non-relativistic: a shift in the matter-radiation equality redshift or a change in the amount of non-relativistic energy
density at late times, both induced by the evolution of the neutrino background, that will, respectively, a↵ect the
angular location of the acoustic peaks and the slope of the CMB tail, through the Late Integrated Sachs Wolfe (ISW)
e↵ect. The former will mostly modify ⇥s, i.e. the angular position of the CMB peaks, which is given by the ratio of
the sound horizon and the angular diameter distance, both evaluated at the recombination epoch. Massive neutrinos
enhance the Hubble expansion rate, with a consequent reduction of the angular diameter distance and an increase of
⇥s, which would correspond to a shift of the peaks towards larger (smaller) angular scales (multipoles). The latter, the
Late ISW e↵ect, is related to the fact that the gravitational potentials are constant in a matter-dominated universe.
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J. Schechter and J.W.F Valle, PRD 25, 2951 (1982)

0nbb observed     ó

at some level

E. Takasugi, PLB 149, 372 (1984)

(i) Lepton number conservation is 
violated by 2 units. 

(ii) Electron neutrinos are Majorana
fermions (with m > 0).

J.F. Nieves, PLB 145, 375 (1984)

Black box I  (electron neutrino)

However:

M. Duerr et al, JHEP 06 (2011) 91
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δmν e( )
BB
~ 10−24 eV << Δm32

2 ≈ 0.05eV

Black box II  (all flavors + oscillations)

M. Hirsch, S. Kovalenko, I. Schmidt, PLB 646, 106 (2006)

0nbb observed     ó

at some level

(i) Lepton number conservation is 
violated by 2 units. 

(ii) Neutrinos are Majorana fermions.
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Other models: Left-Right symmetric model and 
SUSY R-parity violation
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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

+ ⌘q̃Mq̃ + ⌘�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], gA is the ax-

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

, with hm��i

representing the e↵ective Majorana neutrino mass and
me the electron mass. ⌘

L
NR

, ⌘RNR
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,Mq̃,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 Q
0⌫
�� 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 (sf ) of
94.5, while G02 � G09 used sf = 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. Mq̄ 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 MGT /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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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 =
GF
p
2

2

4jµV�AJ
†
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. GF = 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 ) =

G
2
F

2
T

h
jV�AJ

†
V�AjV�AJ

†
V�A

+ ✏
�
↵j�J

†
↵jV�AJ

†
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 =
G

2
F

2mp

h
"1JJj + "2J

µ⌫
Jµ⌫j + "3J

µ
Jµj

+"4J
µ
Jµ⌫j

⌫ + "5J
µ
Jjµ

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:
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Here, the Ei 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 M

2
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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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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and leptonic Lorentz currents, respectively. The def-
initions of the O↵,� operators are given in Eq. (3)
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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-
ters:
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Here, the Ei 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 , ✏
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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 M

2
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.

Effective field theory approach

3

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

1/2 limits in years, and the calculated PSF (G01 � G09) in years�1 for
all five isotopes currently under investigation.

48Ca 76Ge 82Se 130Te 136Xe

Q0⌫
�� [53] 4.272 2.039 2.995 2.813 2.287

T 0⌫
1/2 > 2.0 · 1022[54] 5.3 · 1025[55] 2.5 · 1023[56] 4.0 · 1024[57] 1.1 · 1026[58]

G01 · 10
14 2.45 0.22 1.00 1.41 1.45

G02 · 10
14 15.4 0.35 3.21 3.24 3.15

G03 · 10
15 18.2 1.20 6.50 8.46 8.55

G04 · 10
15 5.04 0.42 1.92 2.53 2.58

G05 · 10
13 3.28 0.60 2.16 4.12 4.36

G06 · 10
12 3.87 0.50 1.65 2.16 2.21

G07 · 10
10 2.85 0.28 1.20 1.75 1.80

G08 · 10
11 1.31 0.17 0.82 1.72 1.83

G09 · 10
10 15.5 1.12 4.42 4.47 4.44

TABLE II. The NME that appear in Eq. (1) for the five
nuclei of current experimental interest, and the corresponding
LNV parameters extracted under the assumption that only
one dominates.

48Ca 76Ge 82Se 130Te 136Xe

M0⌫ 1.03 3.64 3.42 1.93 1.75

M0N 75.5 202 187 136 143

Mq̃ 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·|⌘q̃| 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

[52]multiplied by MGT /G01 to fit the factorization of Eq.
(1). All NME used in this paper were calculated using the
interacting shell model (ISM) approach[27–30, 33, 48, 70]
(see Ref. [33] for a review), and include short-range-
correlation e↵ects based on the CD-Bonn parametriza-
tion [26], finite-size e↵ects [68] and, when appropriate,
optimal closure energies [50] (see Appendix for more de-
tails).
The upper limits for corresponding LNV parameters

extracted from lower limits of the half-lives under the as-
sumption that only one term in the amplitude dominates,
are also presented in Table II.

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

A more general approach is based on the e↵ective
field theory extension of the Standard Model. The anal-
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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.

ysis based on the BSM contributions to the 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
data from LHC and other experiments. In fact, the mod-
els considered in section II always lead to a subset of
terms in the low-energy (⇠ 200 MeV) e↵ective field the-
ory Lagrangian. Here we consider all the terms in the
Lagrangian allowed by the symmetries. Some of the cou-
plings will correspond to the model couplings in Eq. (1),
but they might have a wider meaning. Others are new,
not corresponding to specific models.
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Effective field theory after hadronization
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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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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 ✏
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dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. GF = 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:

h
T

0⌫
1/2

i�1
=g

4
A

2

4
X

i

|Ei|
2
M

2
i +Re

2

4
X

i 6=j

EiEjMij

3

5

3

5 . (5)

Here, the Ei 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 M

2
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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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-
ters:
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Here, the Ei 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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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 M

2
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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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
†
↵ = 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 ✏
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dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. GF = 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
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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 Ei 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 , ✏
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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 M

2
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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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 Ei 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, ✏
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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 M

2
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 .

In that restrictive case we showed that one can disen-
tangle di↵erent contributions to the 0⌫�� decay process
using two-electron angular and energy distributions as
well as half-lives of two selected isotopes. Obviously, this
number of observables is not enough to extract all cou-
pling appearing in the e↵ective field theory Lagrangian.
However, they can be used to constrain these couplings,
thus adding to the information extracted from the Large
Hadron Collider and other related experiments. Here we
attempt to extract these couplings assuming that only
one of them can have a dominant contribution to the
half-life, Eq. (5). We call this approach “on-axis“. Con-
sidering the “on-axis“ approach to extracting limits of the
LNV parameters, the interference terms are neglected in
our analysis. In the following, we extract the “on-axis“
upper limits of these parameters using the most recent
experimental the half-lives lower limits, as presented in
Table I.

IV. EXPERIMENTAL LIMITS ON THE BSM
LNV COUPLINGS

To obtain experimentally constrained upper limits of
the e↵ective LNV couplings one needs experimental half-

life lower limits, accurate calculations of the PSF, to-
gether 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 parame-
ters into three subsections corresponding the exchange of
light left-handed Majorana neutrinos, the LNV couplings
entering the remaining quark-level long-range diagrams,
and the LNV couplings entering the quark-level short-
range diagrams.

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. Therefore, one can easily
find calculations of NME and PSF for this scenario. Con-
sidering only this case, we reduce the half-life equation
to:
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where gA = 1.27, M2
0⌫ contains the NME and the PFS

(see Eq. (8) below). ⌘0⌫ = hm��i
me

, where me is the elec-
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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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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 ✏
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S±P , ✏
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TR}. The ”*” symbol in-

dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. GF = 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
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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-
ters:
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Here, the Ei 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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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 M

2
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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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-
ters:
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Here, the Ei 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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V�A, ✏

V+A
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range parameters appearing in Figs. 2c and 2e, and
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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 M

2
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
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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
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L9 =
G

2
F

2mp

h
"1JJj + "2J

µ⌫
Jµ⌫j + "3J

µ
Jµj

+"4J
µ
Jµ⌫j

⌫ + "5J
µ
Jjµ

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
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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 Ei 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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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 M

2
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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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
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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-
ters:
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Here, the Ei 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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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 M

2
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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Small interference effects
Interference between mass
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and M. Horoi, Phys. Lett. B 769, 
299 (2017).
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mass mechanism and
lambda mechanism: F. 
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in preparation.
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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]

m eϵ5 ¼
g2v2

Λ5

;
GFϵ7ffiffiffi

2
p ¼ g3v

2Λ3
7

;

G2
Fϵf9;11g
2m p

¼
"
g4

Λ5
9

;
g6v2

Λ7
11

#
: ð3Þ

In terms of the effective 0νββ mass m ee, one simply has
ϵ5 ¼ m ee=m e with the electron mass m e, whereas the other
couplings are normalized with respect to the Fermi cou-
pling GF and the proton mass m p. 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

m ν < 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, me = 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, GF = 1.166 ⇥ 10�5 GeV�2

is the Fermi coupling constant, and mp = 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 (jpjp0 , jnjn0 ; J⇡)

⇥

D
jpjp0 ; J⇡

���⌧�1⌧�2O
�,�,✓,P,R
12

��� jnjn0 ; 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].

HGT =
2R

⇡

Z
h
2
GT (q

2)

q(q + Ē)
j0(qr)q

2 dq , (21a)

HGT! =
2R

⇡

Z
h
2
A(q

2)

(q + Ē)2
j0(qr)q

2 dq , (21b)

HGTq =
2R

⇡
r

Z
h
2
A(q

2)

q + Ē
j1(qr)q

2 dq , (21c)

HGTN =
2R

⇡memp

Z
h
2
A(q

2)j0(qr)q
2 dq , (21d)

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]

m eϵ5 ¼
g2v2

Λ5

;
GFϵ7ffiffiffi

2
p ¼ g3v

2Λ3
7

;

G2
Fϵf9;11g
2m p

¼
"
g4

Λ5
9

;
g6v2

Λ7
11

#
: ð3Þ

In terms of the effective 0νββ mass m ee, one simply has
ϵ5 ¼ m ee=m e with the electron mass m e, whereas the other
couplings are normalized with respect to the Fermi cou-
pling GF and the proton mass m p. 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

m ν < 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.
...........

LD =
g

⇤D�4
D

OD (17)

me✏̄5 =
g
2
v
2

⇤5
,

GF ✏̄7
p
2

=
g
3
v

2⇤3
7

,

GF ✏̄9

2mp
=

g
4

⇤5
9

,
GF ✏̄11

2mp
=

g
6
v
2

⇤7
11

. (18)

Here, me = 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, GF = 1.166 ⇥ 10�5 GeV�2

is the Fermi coupling constant, and mp = 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 (jpjp0 , jnjn0 ; J⇡)

⇥

D
jpjp0 ; J⇡

���⌧�1⌧�2O
�,�,✓,P,R
12

��� jnjn0 ; 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].

HGT =
2R

⇡

Z
h
2
GT (q

2)

q(q + Ē)
j0(qr)q

2 dq , (21a)

HGT! =
2R

⇡

Z
h
2
A(q

2)

(q + Ē)2
j0(qr)q

2 dq , (21b)

HGTq =
2R

⇡
r

Z
h
2
A(q

2)

q + Ē
j1(qr)q

2 dq , (21c)

HGTN =
2R

⇡memp

Z
h
2
A(q

2)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]

m eϵ5 ¼
g2v2

Λ5

;
GFϵ7ffiffiffi

2
p ¼ g3v

2Λ3
7

;

G2
Fϵf9;11g
2m p

¼
"
g4

Λ5
9

;
g6v2

Λ7
11

#
: ð3Þ

In terms of the effective 0νββ mass m ee, one simply has
ϵ5 ¼ m ee=m e with the electron mass m e, whereas the other
couplings are normalized with respect to the Fermi cou-
pling GF and the proton mass m p. 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

m ν < 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]

m eϵ5 ¼
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In terms of the effective 0νββ mass m ee, one simply has
ϵ5 ¼ m ee=m e with the electron mass m e, whereas the other
couplings are normalized with respect to the Fermi cou-
pling GF and the proton mass m p. 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

m ν < 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

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

036005-2

7

TABLE VI. The M
2
↵ 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

M
2
4 = G09

(meR)2

8

"
T

(3)
1

gA
MGTN

#2

, (14e)

M
2
5 = G09

(meR)2

8

"
F

(3)
S gV

g
2
A

MFN

#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 MGTN and MFN 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
= g

4
A

h
|⌘⇡N |

2
M

2
⇡N

i
, (15)

where

M
2
⇡N = G01

⇥
c
1⇡ (MGT1⇡ +MT1⇡)

+ c
2⇡ (MGT2⇡ +MT2⇡)

⇤2
. (16)

The expressions for the factors c1⇡ and c
2⇡ are found in

Eq. (151) of Ref. [65]. These factors depend on the
masses of the up and down quark, and choosing (mu +
md) = 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:

LD =
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 M
2
↵ 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

M
2
4 = G09

(meR)2

8

"
T

(3)
1

gA
MGTN

#2

, (14e)

M
2
5 = G09

(meR)2

8

"
F

(3)
S gV

g
2
A

MFN

#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 MGTN and MFN 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
= g

4
A

h
|⌘⇡N |

2
M

2
⇡N

i
, (15)

where

M
2
⇡N = G01

⇥
c
1⇡ (MGT1⇡ +MT1⇡)

+ c
2⇡ (MGT2⇡ +MT2⇡)

⇤2
. (16)

The expressions for the factors c1⇡ and c
2⇡ are found in

Eq. (151) of Ref. [65]. These factors depend on the
masses of the up and down quark, and choosing (mu +
md) = 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:

LD =
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

ye =3×10
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1
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TABLE VII. The “on-axis“ values of the long-range param-
eters "�↵. 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

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
values, 60�165 meV can be found if the NME calculated
with a larger number of nuclear models are considered
[58].

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.

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

As suggested in Ref. [74] (see the diagrams of their
Fig.1), at the electroweak scale when the appropriate
Higgs fields are included, the diagram 1.b originates
from a dimension-5 BSM Lagrangian, O5, responsible for
the Majorana neutrino mass. Similarly the low-energy
dimension-6 Lagrangian L6 corresponds to a dimension-
7 BSM operator, O7, and the low energy dimension-9
Lagrangian L9 can be rearranged as dimension-9 and
dimension-11 operators, O9 and O11. Using the e↵ec-
tive field theory one can infer the energy scale ⇤D up to
which these e↵ective field operators are not broken:

LD =
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. [74] one can
find relations between the constants entering our L6 and
L9 Lagrangian and the e↵ective field theory Lagrangians
above the electroweak scale, Eq. (17).

me✏̄5 =
g
2(yv)2

⇤5
,

GF ✏̄7
p
2

=
g
3(yv)

2(⇤7)3
,

G
2
F ✏̄9

2mp
=

g
4

(⇤9)5
,

G
2
F ✏̄11

2mp
=

g
6(yv)2

(⇤11)7
. (18)

Here, me = 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, y is a Yukawa cou-
pling associated to the interaction with the Higgs bosons,
GF = 1.166⇥10�5 GeV�2 is the Fermi coupling constant,
and mp = 0.938 GeV is the proton mass. The ✏̄D (with
D = {5, 7, 9, 11}) can be extracted from the LNV pa-
rameters 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. [74] we take g = 1 in Eq. (17). However,

we introduce here the Yukawa coupling y between the
Higgs boson field and the fermion fields, and we consider
two cases: (i) y = 1 corresponding to the top quark mass
(choice made in Ref. [74]), and (ii) y = 3 ⇥ 10�6 corre-
sponding 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 ⇥ 1026. ⇤D is
estimated assuming a half-life of T1/2 ⇡ 1.1⇥ 1028 years,
which would correspond to a hm��i ⇡ 14 meV.
The ⇤9 scale does not depend on the unknown Yukawa

coupling, and from that point of view, if O9 amplitude
is dominant, that would indicate that the scale of new
physics should be found around 3 TeV. Unfortunately,
the ⇤9 scale, as well as all other high D scales, are not



MEDEX'19 M. Horoi CMU 16

3

0νββ
eL R

−

u

u

d

d

eL R
−
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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 =
GF
p
2

2

4jµV�AJ
†
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. GF = 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 ) =

G
2
F

2
T

h
jV�AJ

†
V�AjV�AJ

†
V�A

+ ✏
�
↵j�J

†
↵jV�AJ

†
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 =
G

2
F

2mp

h
"1JJj + "2J

µ⌫
Jµ⌫j + "3J

µ
Jµj

+"4J
µ
Jµ⌫j

⌫ + "5J
µ
Jjµ

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
=g

4
A

2

4
X

i

|Ei|
2
M

2
i +Re

2

4
X

i 6=j

EiEjMij

3

5

3

5 . (5)

Here, the Ei 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 M

2
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.

One coupling dominance: which one?  
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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 =
GF
p
2

2

4jµV�AJ
†
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 ✏
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↵ =

{✏
V+A
V�A, ✏
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S+P
S±P , ✏
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TL , ✏

TR
TR}. The ”*” symbol in-

dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. GF = 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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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
=g

4
A

2

4
X

i

|Ei|
2
M

2
i +Re

2

4
X

i 6=j

EiEjMij

3

5

3

5 . (5)

Here, the Ei 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 M

2
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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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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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 Ei 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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V+A
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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 M

2
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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dicates that the term with ↵ = � = (V �A) is explicitly
taken out of the sum. GF = 1.1663787 ⇥ 10�5 GeV�2

denotes the Fermi coupling constant.
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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:

L9 =
G

2
F

2mp

h
"1JJj + "2J

µ⌫
Jµ⌫j + "3J

µ
Jµj

+"4J
µ
Jµ⌫j

⌫ + "5J
µ
Jjµ

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:
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Here, the Ei 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, ✏
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TL , ✏
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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 M

2
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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We discuss a novel effect in neutrinoless double-β (0 νββ) decay related with the fact that its underlying
mechanisms take place in the nuclear matter environment. We study the neutrino exchange mechanism and
demonstrate the possible impact of nuclear medium via lepton-number-violating (LNV) four-fermion
interactions of neutrinos with quarks from a decaying nucleus. The net effect of these interactions is the
generation of an effective in-medium Majorana neutrino mass matrix. The enhanced rate of the 0 νββ decay
can lead to the apparent incompatibility of observations of the 0 νββ decay with the value of the neutrino
mass determined or restricted by the β-decay and cosmological data. The effective neutrino masses and
mixing are calculated for the complete set of the relevant four-fermion neutrino-quark operators. Using
experimental data on the 0 νββ decay in combination with the β-decay and cosmological data, we evaluate
the characteristic scales of these operators: ΛLNV ≥ 2.4 TeV.
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Various mechanisms of neutrinoless double-β (0 νββ)
decayhavebeenconsidered in the literature (for recent reviews
see [1,2]). Themechanisms are conventionally constructed as
lepton-number-violating (LNV) quark-lepton processes pro-
ceeding inavacuum.Then, after anappropriatehadronization,
the presence of the initial and final nuclei is taken into account
as a smearing effect via convolution with the corresponding
nuclear wave function. On the other hand, the nuclear matter
may impact an underlying LNV process in a more direct way
via the standard model (SM) or beyond the SM interactions.
If this is relevant, an especially notable effect should be
expected from the LNV interactions with the nuclear matter.
In the present Letter, we consider the Majorana neutrino
exchange mechanism and examine the possible impact of
nuclear medium via LNV four-fermion neutral current inter-
actions of neutrinos with quarks from a decaying nucleus.
The nuclear matter effect on the 0 νββ-decay rate is calculated
in the mean field approach. The mean field associated with
the strong interaction is created in nuclei by the scalar and
vector quark currents and described effectively in terms of the
σ and ω mesons [3]. Here, we consider the scalar mean field
associated with the LNV interaction. Then, an effective four-
fermion neutrino-quark Lagrangian with the operators of the
lowest dimension can be written in the form

Leff ¼
1

Λ2
LNV

X

i;j;q

ðgqijνCLiνLj · q̄qþ H:c:Þ (1)

þ 1

Λ3

X

i;j;q

hqijνLiiγ
μ∂
↔

μνLj · q̄q; (2)

where the fields νLi are the active neutrino left-handed flavor
states, gqij and hqij are their dimensionless couplings to the
scalar quark currents with i, j ¼ e, μ, τ satisfying gqij ¼ gqji
and ðhqijÞ% ¼ hqji. The first property follows from the identity
νCLiνLj ¼ νCLjνLi, the second one from the Hermiticity of the
neutrino operator in the form of kinetic terms. Note that the
first term in Eq. (1) violates the lepton number by two units
ΔL ¼ 2 while the second one is lepton number conserving
ΔL ¼ 0 . We neglect all the surface terms, which could, in
principle, be nontrivial due to the presence of a nuclear
surface where the gradient of the nuclear matter density is
large. Thus, we consider a simplified case of the infinite
nuclear radius. The scales ΛLNV and Λ of the ΔL ¼ 2 and
ΔL ¼ 0 operators are, in general, different and are of the
order of the masses M of virtual particles inducing these
effective operators at tree level. These particles could be
either scalars or vectors (vector leptoquarks) with the masses
M ≫ pF ∼280 MeV, where pF is the Fermi momentum of
nucleons in nuclei, which sets the momentum scale of 0 νββ
decay. The gauge invariant structure of the operators in
Eq. (1) is briefly discussed later.
In the mean field approximation, we replace the

operator q̄q in Eq. (1) with its average value hq̄qi over
the nuclear medium. Relying on the MIT bag model,
we have for the light quarks q ¼ u, d an estimate
hq̄qi ≈ 1

2 hq
†qi [4], which is equivalent to hq̄qi≈

0 .25 fm−3 at the saturation. Thus, in the nuclear environ-
ment, the Lagrangian (1) is reduced to
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Eq. (1) is briefly discussed later.
In the mean field approximation, we replace the

operator q̄q in Eq. (1) with its average value hq̄qi over
the nuclear medium. Relying on the MIT bag model,
we have for the light quarks q ¼ u, d an estimate
hq̄qi ≈ 1

2 hq
†qi [4], which is equivalent to hq̄qi≈

0 .25 fm−3 at the saturation. Thus, in the nuclear environ-
ment, the Lagrangian (1) is reduced to
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hq̄qi
Λ2
LNV

ðνCLigijνLj þ H:c:Þ

þ hq̄qi
Λ3

νLihijiγμ∂
↔

μνLj; (3)

where gij ¼ ðguij þ gdijÞ=2 and hij ¼ ðhuij þ hdijÞ=2. We
assume for simplicity the nuclear medium to be an
isosinglet.
Let us recall the terms of the electroweak (EW)

Lagrangian in vacuum relevant to the calculation of the
amplitude of 0νββ decay via the Majorana neutrino
exchange mechanism. They are

Lvac
EW ¼ 1

4
νLiiγμ∂

↔

μνLi −
1

2
νCLiM̂

L
ijνLj

þ 4GF cos θCffiffiffi
2

p lLiγμνLj · ūLγμdL þ H:c:; (4)

whereML
ij ¼ ML

ji is a Majorana mass matrix symmetric for
the same reason as hqij is a matrix in Eqs. (1) and (2). It can
be diagonalized by a unitary transformation νi ¼ UL

ijν
0
j. In

the basis where the charged lepton mass matrix is diagonal,
the unitary matrix UL coincides with the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix. Thus, in the
vacuum, we have

Lvac
EW ¼ 1

4
ν0Liiγ

μ∂
↔

μν0Li −
1

2
m iν0CLiν

0
Li

þ 4GF cos θCffiffiffi
2

p lLiγμUL
ijν

0
Lj · ūLγμdL þ H:c: (5)

Here, m i (i ¼ 1, 2, 3) is the neutrino mass in the vacuum.
According to the conventional parametrization

UL ¼ VLD , where VL is a matrix depending on the
three mixing angles and one Dirac phase, D ¼
Diagf1; expðiα21=2Þ; expðiα31=2Þg is the diagonal matrix
of the Majorana phases, which are chosen so that m %

i ¼
m i ≥ 0 and the entry VL

e3 ¼ sin2 θ13 has no Dirac phase.
As is seen from Eq. (3), the neutrino interactions with

the nuclear matter affect both the mass and kinetic terms of
the vacuum Lagrangian (4), (5) so that the in-medium
Lagrangian written in the vacuum mass eigenstate basis
takes the form

Lmed
EW ¼ 1

4
ν0LiK̂ijiγμ∂

↔

μν0Lj −
1

2
ν0CLicMijν0Lj

þ 4GF cos θCffiffiffi
2

p lLiγμUL
ijν

0
Lj · ūLγμdL þ H:c:; (6)

where

K̂ij ¼ δij þ 4
hq̄qi
Λ3

ĥij; cMij ¼ m iδij − 2
hq̄qi
Λ2
LNV

ĝij; (7)

with ĥ ¼ UL†hUL, ĝ ¼ ðULÞTgUL. Thus, we have
K̂† ¼ K̂, and cMT ¼ cM.
First, we bring the neutrino kinetic term in the

Lagrangian (6) to the canonical form. Toward this end,
we diagonalize it by a unitary transformation ν00i ¼ Vijν00j ,
V†K̂V ¼ Diagfλkg≡Ω, where λ%k ¼ λk ≥ 0. The positive-
ness of these eigenvalues is maintained as long as
4hq̄qiĥ ≤ Λ3, which is implied in our analysis. With this
condition, a field rescaling ν00i → λ−1=2i ν00i allows us to arrive
at the canonical kinetic term

Lmed
EW ¼ 1

4
¯ν00Liiγ

μ∂
↔

μν00Li

− 1

2
ν00CLi λ

−1=2
i Vji

cMjkVknλ
−1=2
j ν00Ln

þ 4GF cos θCffiffiffi
2

p lLiγμUL
ijVjkλ

−1=2
k ν00Lk · ūLγμdL

þ H:c: (8)

Then, we diagonalize the effective Majorana mass term by
a unitary transformation ν00i ¼ WL

ij ~νj,

ðWLÞTðΩ−1=2VTcMVΩ−1=2ÞWL ¼ Diagfμ̄ig; (9)

where μ̄i ¼ μi expð−iϕiÞ with jμ̄ij¼ μi. These phases can
be absorbed by the neutrino fields ~νLi → expðiϕi=2Þ~νLi.
Only two of these phases are physical. One of ϕ1;2;3 can be
erased by an overall phase rotation of the charged lepton
fields: lLi → lLi expð−iϕ1=2Þ, where we conventionally
selected the phase ϕ1 to be eliminated. After all that, we
finally arrive at the neutrino Lagrangian in the nuclear
matter

Lmed
EW ¼ 1

4
~νLiiγμ∂

↔

μ ~νLi −
1

2
μi ~νCLi ~νLi

þ 4GF cos θCffiffiffi
2

p lLiγμUeff
ij ~νLj · ūLγμdL þ H:c:; (10)

in terms of an effective mass eigenstate neutrino field ~νLi in
the nuclear environment related to the in-vacuum fields νi
from Eq. (4) as νLi ¼ Ueff

ij ~νLj with U
eff ¼ ULVΩ−1=2WLP,

where P ¼ Diagf1; expðiϕ21=2Þ; expðiϕ31=2Þg is the
diagonal matter generated Majorana phase matrix, with
ϕ21 ¼ ϕ2 − ϕ1, ϕ31 ¼ ϕ3 − ϕ1. Note that the neutrino
mixing matrix in medium Ueff is not unitary, contrasting
to unitarity of the neutrino mixing matrix UL in vacuum.
The amplitude of 0νββ decay for the Majorana neutrino

exchange in nuclear medium is proportional to the quantity

m ββ ¼
X

i

ðUeff
ei Þ2μi; (11)

which should be compared with the corresponding quantity
without nuclear matter effects
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m vac
ββ ¼

X

i

ðUL
eiÞ2m i: (12)

The experimental searches for 0νββ decay provide
information on the in-medium effective parameter m ββ
from Eq. (11). For various choices of nuclear matrix
elements, the currently most stringent limit on this param-
eter derived by EXO-200 and KamLAND-Zen experiments
with 136Xe [5] and by the GERDA experiment with 76Ge
[6] is in the range jm ββj≤ 0.2–0.4 eV. Discussion of the
next-generation experiments aimed at improving the 0νββ
limits can be found in Ref. [1].
The information on the in-vacuum neutrino masses and

mixing is provided by neutrino oscillation experiments (for
a review, see Ref. [7]). The quantities measured in these
experiments are the neutrino mass squared differences
Δm 2

ij ¼ m 2
i − m 2

j and mixing angles θ12, θ23, and θ13. If
the overall mass scale is fixed, e.g., by the mass of the
lightest neutrino, m 0 ≡minðm iÞ, all the other masses
are determined. Two types of the neutrino mass spectra
are possible: the normal one with m 1 < m 2 < m 3 (NS) and
the inverted one with m 3 < m 1 < m 2 (IS).
The overall neutrino mass scale in vacuum can be

constrained by tritium β decay measurements and cosmo-
logical data.
Presently, the best experimental limit on the neutrino

parameter m β observable in tritium β decay is [8] m 2
β ¼P

ijUL
eij2m 2

i ≤ ð2.2 eVÞ2 at 95% C.L. The KATRIN
experiment is expected to improve this limit by a factor
of 10 in the near future [9].
Recently, the Planck collaboration [10] reported

new limits on the sum of the neutrino masses:P
im i ≤ 0.23–1.08 eV, derived from the measurements

of the temperature of the cosmic microwave background
and lensing-potential power spectra. The lowermost bound
implies m 0 ≤ 0.07 eV. An upper limit of 0.28 –0.47 eV for
the sum of neutrino masses was reported in Ref. [11].
From the constraints of Refs. [5,6] and [8,10,11], we

derive limitations on the four-fermion effective neutrino-
quark interactions introduced in Eq. (1). We consider a
simplified case for the scalar couplings in Eqs. (1–3) such
that 4ĥijΛ−3 ¼ δijh, 2ĝijΛ−2

LNV ¼ δijg, with h, g being real
numbers, where ĥ, ĝ are defined after Eq. (7). Then, we
have Vij ¼ δij, WL

ij ¼ δij, Ωij ¼ δijλ, λ ¼ 1þ hq̄qih,
μi ¼ λ−1jm i − hq̄qigj. The effective Majorana mass (11)
in this case is

m ββ ¼
Xn

i¼1

ðVL
eiÞ2ξi

jm i − hq̄qigj
ð1 − hq̄qihÞ2

: (13)

Here, VL
ij is the PMNS mixing matrix in vacuum

without Majorana phases. The Majorana phase factor is
ξi ¼ f1; expðiα1Þ; expðiα2Þg with α1 ¼ ðα21 þ ϕ21Þ=2,
α2 ¼ ðα31 þ ϕ31Þ=2, where αij are the Majorana phases
in vacuum defined together with the matrix VL after Eq. (5).

Within the simplified scheme, the quantity m ββ in nuclear
medium in comparison with the one in vacuum depends on
the two new unknown parameters: h, g. In our numerical
estimations, we assume that only one of them is different
from zero at a time. The unknown phases in Eq. (13) are
varied in the interval [0, 2π]. The vacuum mixing angles
and the neutrino mass squared differences are taken from
Ref. [7]. We illustrate our results in Fig. 1. The shaded areas
display allowed values of jm ββj and m 0 for a set of sample
values of g with h ¼ 0. For both NS and IS, these results,
being combined with the cosmological and tritium β-decay
limits, suggest for the LNV scale

ΛLNV ≥ 2.4 TeV ðPlanckÞ; 1.1 TeV ðtritiumÞ: (14)

With the future KATRIN data, the limit 1.1 TeV in Eq. (14)
will be pushed up to ∼2 TeV. For convenience, we also
give our limits in terms of a dimensionless parameter εij

FIG. 1 (color online). The bands 1, 2, 3, 4, and 5 show
admissible values of jm ββj and m 0 for h ¼ 0 and hq̄qig ¼ −1,
−0.1, 0, 0.1, and 1 eV, respectively. The upper and lower panels
correspond to the normal (NS) and the inverted (IS) neutrino
spectrums. The charge-parity-violating phases spread in the
interval [0, 2π]. Regions to the right from the vertical solid
and dotted lines are excluded by the tritium β decay [8] and by the
cosmological data [10,11].
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m vac
ββ ¼

X

i

ðUL
eiÞ2m i: (12)

The experimental searches for 0νββ decay provide
information on the in-medium effective parameter m ββ
from Eq. (11). For various choices of nuclear matrix
elements, the currently most stringent limit on this param-
eter derived by EXO-200 and KamLAND-Zen experiments
with 136Xe [5] and by the GERDA experiment with 76Ge
[6] is in the range jm ββj≤ 0.2–0.4 eV. Discussion of the
next-generation experiments aimed at improving the 0νββ
limits can be found in Ref. [1].
The information on the in-vacuum neutrino masses and

mixing is provided by neutrino oscillation experiments (for
a review, see Ref. [7]). The quantities measured in these
experiments are the neutrino mass squared differences
Δm 2

ij ¼ m 2
i − m 2

j and mixing angles θ12, θ23, and θ13. If
the overall mass scale is fixed, e.g., by the mass of the
lightest neutrino, m 0 ≡minðm iÞ, all the other masses
are determined. Two types of the neutrino mass spectra
are possible: the normal one with m 1 < m 2 < m 3 (NS) and
the inverted one with m 3 < m 1 < m 2 (IS).
The overall neutrino mass scale in vacuum can be

constrained by tritium β decay measurements and cosmo-
logical data.
Presently, the best experimental limit on the neutrino

parameter m β observable in tritium β decay is [8] m 2
β ¼P

ijUL
eij2m 2

i ≤ ð2.2 eVÞ2 at 95% C.L. The KATRIN
experiment is expected to improve this limit by a factor
of 10 in the near future [9].
Recently, the Planck collaboration [10] reported

new limits on the sum of the neutrino masses:P
im i ≤ 0.23–1.08 eV, derived from the measurements

of the temperature of the cosmic microwave background
and lensing-potential power spectra. The lowermost bound
implies m 0 ≤ 0.07 eV. An upper limit of 0.28 –0.47 eV for
the sum of neutrino masses was reported in Ref. [11].
From the constraints of Refs. [5,6] and [8,10,11], we

derive limitations on the four-fermion effective neutrino-
quark interactions introduced in Eq. (1). We consider a
simplified case for the scalar couplings in Eqs. (1–3) such
that 4ĥijΛ−3 ¼ δijh, 2ĝijΛ−2

LNV ¼ δijg, with h, g being real
numbers, where ĥ, ĝ are defined after Eq. (7). Then, we
have Vij ¼ δij, WL

ij ¼ δij, Ωij ¼ δijλ, λ ¼ 1þ hq̄qih,
μi ¼ λ−1jm i − hq̄qigj. The effective Majorana mass (11)
in this case is

m ββ ¼
Xn

i¼1

ðVL
eiÞ2ξi

jm i − hq̄qigj
ð1 − hq̄qihÞ2

: (13)

Here, VL
ij is the PMNS mixing matrix in vacuum

without Majorana phases. The Majorana phase factor is
ξi ¼ f1; expðiα1Þ; expðiα2Þg with α1 ¼ ðα21 þ ϕ21Þ=2,
α2 ¼ ðα31 þ ϕ31Þ=2, where αij are the Majorana phases
in vacuum defined together with the matrix VL after Eq. (5).

Within the simplified scheme, the quantity m ββ in nuclear
medium in comparison with the one in vacuum depends on
the two new unknown parameters: h, g. In our numerical
estimations, we assume that only one of them is different
from zero at a time. The unknown phases in Eq. (13) are
varied in the interval [0, 2π]. The vacuum mixing angles
and the neutrino mass squared differences are taken from
Ref. [7]. We illustrate our results in Fig. 1. The shaded areas
display allowed values of jm ββj and m 0 for a set of sample
values of g with h ¼ 0. For both NS and IS, these results,
being combined with the cosmological and tritium β-decay
limits, suggest for the LNV scale

ΛLNV ≥ 2.4 TeV ðPlanckÞ; 1.1 TeV ðtritiumÞ: (14)

With the future KATRIN data, the limit 1.1 TeV in Eq. (14)
will be pushed up to ∼2 TeV. For convenience, we also
give our limits in terms of a dimensionless parameter εij

FIG. 1 (color online). The bands 1, 2, 3, 4, and 5 show
admissible values of jm ββj and m 0 for h ¼ 0 and hq̄qig ¼ −1,
−0.1, 0, 0.1, and 1 eV, respectively. The upper and lower panels
correspond to the normal (NS) and the inverted (IS) neutrino
spectrums. The charge-parity-violating phases spread in the
interval [0, 2π]. Regions to the right from the vertical solid
and dotted lines are excluded by the tritium β decay [8] and by the
cosmological data [10,11].
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How about some other contributions from 
SM? E.g. high density atomic electrons.
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Neutrinos in atomic nuclei
Atomic nucleus is a high electron density medium: 

Consider 2 electrons in the lowest s-orbital of an 
Hydrogen-like atom

Electron density inside nucleus:

Ne (0) ≈
2
π
Z
aB

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

3

Equivalent matter density: ρ =mNNe =1.67×10
6 2
π
Z
53
⎛

⎝
⎜

⎞

⎠
⎟

3

in g / cm2 >> ρSun

ρSuncore ≈150 g / cm
3

Si2 dimer

DFT el. density

2 x 1s el. Hydrogen-like density 

Electron density near nucleus:

Ne (r) ≈
2
π
Z
aB

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

3

e−2rZ /aB
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Neutrinos in atomic nuclei
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Neutrinos in matter: local mass
eigenstates
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(Anti)neutrinos are ”emitted” in matter in the 
local (lowest)highest “mass eigenstates”.
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Neutrinoless double beta decay in vacuum
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FIG. 1. The outgoing evolution of the probabilities of neu-
trinos produced inside a nucleus (Z=53 here). The neutrinos
are produced in state 2 (dashed, red) and they evolve non-
adiabatically to 68% state 1 (full, blue) and 32% state 2. The
horizontal axis represents the distance from the nucleus in
pm.

FIG. 2. Same as Fig. 1 for antineutrinos

NP = h0|T
⇥
 eL(x1) 

T
eL(x2)

⇤
|0i (11)

where  (x) is a four component Majorana spinor field.
For double beta decay only the left handed components
of the electron neutrino field contribute. The standard

FIG. 3. Similar to Fig. 1, but representing a high energy solar
neutrino coming in (from right) in state 2 with probability
100%, which decreases to 32% when it reaches the nucleus
(r=0).

FIG. 4. Same as Fig. 3 for a regular neutrino (68% state 1
and 32% state 2), which arrives with probability 1 in state 2
at the nucleus.

derivation of the 0�� decay half-life assumes that the
electron neutrino fields can be expanded in terms of the
vacuum mass eigenstates, Eq. (1), and one gets (up to
some phases)

NP =
P3

a=1 U
2
ea h0|T

⇥
 aL(x1) T

aL(x2)
⇤
|0i

=
P3

a=1 U
2
ea

h
�i

R d4p
(2⇡)4

mae
�ip(x1�x2)

p2�m2
a+i✏ PLC

i
(12)

Here PL is the left-handedness projector operator, and C
is the spinor charge conjugation operator. The product
PLC is further used for processing the electron current
and one arrives to the standard formula for the 0�� decay
constant [10]

1

T1/2
= G(Z,Q) |M0⌫ |2

�����

3X

a=1

U2
eama

�����

2

/m2
e (13)

where G(Z,Q) is a phase space factor, M0⌫ is a nuclear
matrix element [20], and me is the electron mass.
If one wants to consider the MSW e↵ects due to the

high electron density in the atomic nuclei, one has to
take into account that di↵erent components of the vac-
uum mass eigenstate fields in Eq. (1) are changing di↵er-
ently. A simpler approach is to use 2-components spinor
fields ( See Refs. [10, 14, 16, 17, 19]). Then, one needs
to make the connection to the four-components spinor
fields necessary to further process the electron current.
The typical approach is to use a specific representation
of the Dirac matrices, the Weyl’s chiral representation
being most convenient. Using the phase conventions of
Ref. [19] (see Eqs. (A.109)-(A.122)), in the Weyl’s chiral
representation one gets

PLC =

✓
0 0
0 i�2

◆
(14)

and

 L(x) =

✓
0

�(x)

◆
(15)

A0ββ ∝
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horizontal axis represents the distance from the nucleus in
pm.
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FIG. 3. Similar to Fig. 1, but representing a high energy solar
neutrino coming in (from right) in state 2 with probability
100%, which decreases to 32% when it reaches the nucleus
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and 32% state 2), which arrives with probability 1 in state 2
at the nucleus.

derivation of the 0�� decay half-life assumes that the
electron neutrino fields can be expanded in terms of the
vacuum mass eigenstates, Eq. (1), and one gets (up to
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Here PL is the left-handedness projector operator, and C
is the spinor charge conjugation operator. The product
PLC is further used for processing the electron current
and one arrives to the standard formula for the 0�� decay
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where G(Z,Q) is a phase space factor, M0⌫ is a nuclear
matrix element [20], and me is the electron mass.
If one wants to consider the MSW e↵ects due to the

high electron density in the atomic nuclei, one has to
take into account that di↵erent components of the vac-
uum mass eigenstate fields in Eq. (1) are changing di↵er-
ently. A simpler approach is to use 2-components spinor
fields ( See Refs. [10, 14, 16, 17, 19]). Then, one needs
to make the connection to the four-components spinor
fields necessary to further process the electron current.
The typical approach is to use a specific representation
of the Dirac matrices, the Weyl’s chiral representation
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representation one gets

PLC =

✓
0 0
0 i�2

◆
(14)

and

 L(x) =

✓
0

�(x)

◆
(15)

ψe (x) = Uea
a=1

N (3)

∑ ψa (x)

2

FIG. 1. The outgoing evolution of the probabilities of neu-
trinos produced inside a nucleus (Z=53 here). The neutrinos
are produced in state 2 (dashed, red) and they evolve non-
adiabatically to 68% state 1 (full, blue) and 32% state 2. The
horizontal axis represents the distance from the nucleus in
pm.

FIG. 2. Same as Fig. 1 for antineutrinos

NP = h0|T
⇥
 eL(x1) 

T
eL(x2)

⇤
|0i (11)

where  (x) is a four component Majorana spinor field.
For double beta decay only the left handed components
of the electron neutrino field contribute. The standard

FIG. 3. Similar to Fig. 1, but representing a high energy solar
neutrino coming in (from right) in state 2 with probability
100%, which decreases to 32% when it reaches the nucleus
(r=0).

FIG. 4. Same as Fig. 3 for a regular neutrino (68% state 1
and 32% state 2), which arrives with probability 1 in state 2
at the nucleus.

derivation of the 0�� decay half-life assumes that the
electron neutrino fields can be expanded in terms of the
vacuum mass eigenstates, Eq. (1), and one gets (up to
some phases)

NP =
P3

a=1 U
2
ea h0|T

⇥
 aL(x1) T

aL(x2)
⇤
|0i

=
P3

a=1 U
2
ea

h
�i

R d4p
(2⇡)4

mae
�ip(x1�x2)

p2�m2
a+i✏ PLC

i
(12)

Here PL is the left-handedness projector operator, and C
is the spinor charge conjugation operator. The product
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where G(Z,Q) is a phase space factor, M0⌫ is a nuclear
matrix element [20], and me is the electron mass.
If one wants to consider the MSW e↵ects due to the

high electron density in the atomic nuclei, one has to
take into account that di↵erent components of the vac-
uum mass eigenstate fields in Eq. (1) are changing di↵er-
ently. A simpler approach is to use 2-components spinor
fields ( See Refs. [10, 14, 16, 17, 19]). Then, one needs
to make the connection to the four-components spinor
fields necessary to further process the electron current.
The typical approach is to use a specific representation
of the Dirac matrices, the Weyl’s chiral representation
being most convenient. Using the phase conventions of
Ref. [19] (see Eqs. (A.109)-(A.122)), in the Weyl’s chiral
representation one gets
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1−γ 5( ) ψ̂(x) =Cψ*(x)

PLC product is further used to process the electron current, and one finally gets: 

!m!!" # $%
k
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Here the mk’s are the masses of the three light neutrinos
and U is the matrix that transforms states with well-
defined mass into states with well-defined flavor &e.g.,
electron, mu, tau'. Equation &2' gives the !!&0"' rate if
the exchange of light Majorana neutrinos with left-
handed interactions is responsible. Other mechanisms
are possible &see Secs. III and IV.D', but they require the
existence of new particles and/or interactions in addition

to requiring that neutrinos be Majorana particles. Light-
neutrino exchange is therefore, in some sense, the
“minima” mechanism and the most commonly consid-
ered.

That neutrinos mix and have mass is now accepted
wisdom. Oscillation experiments constrain U fairly
well—Table I summarizes our current knowledge—but
they determine only the differences between the squares
of the masses mk &e.g., m2

2−m1
2' rather than the masses

themselves. It will turn out that !!&0"' is among the best
ways of getting at the masses &along with cosmology and
!-decay measurements', and the only practical way to
establish that neutrinos are Majorana particles.

To extract the effective mass from a measurement, it
is customary to define a nuclear structure factor FN
#G0"&Q!! ,Z'(M0"(2me

2, where me is the electron mass.
&The quantity FN is sometimes written as Cmm.' The ef-
fective mass !m!!" can be written in terms of the calcu-
lated FN and the measured half-life as

!m!!" = me)FNT1/2
0" *−1/2. &4'

The range of mixing matrix values given in Table I, com-
bined with calculated values for FN, allow us to estimate
the half-life a given experiment must be able to measure
in order to be sensitive to a particular value of !m!!".
Published values of FN are typically between 10−13 and
10−14yr−1. To reach a sensitivity of !m!!"+0.1 eV there-
fore an experiment must be able to observe a half-life of
1026–1027 yr. As we discuss later, at this level of sensitiv-
ity an experiment can draw important conclusions
whether or not the decay is observed.

The most sensitive limits thus far are from the
Heidelberg-Moscow experiment: T1/2

0" &76Ge'# 1.9$ 1025

yr &Baudis et al., 1999', the IGEX experiment:
T1/2

0" &76Ge'# 1.6$ 1025 yr &Aalseth et al., 2002a, 2004',
and the CUORICINO experiment: T1/2

0" &130Te'# 3.0
$ 1024yr &Arnaboldi et al., 2005, 2007'. These experi-
ments contained 5–10 kg of the parent isotope and ran
for several years. Hence increasing the half-life sensitiv-
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FIG. 2. Feynman diagrams for !!&2"' &top' and !!&0"' &bot-
tom'.

TABLE I. Neutrino mixing parameters as summarized by the Particle Data Book )Yao et al. &2006'*
based on the individual experimental reference reporting. The limit on !m!" and % are based on the
references given. The !m!!" limit comes from the Ge experiments. The parameter values would be
slightly different if determined by a global fit to all oscillation data &Fogli et al., 2006'.

Parameter Value Confidence level Reference

sin2&2&12' 0.86−0.04
+0.03 68% Aharmin et al. &2005'

sin2&2&23' ' 0.92 90% Ashie et al. &2005'
sin2&2&13' ( 0.19 90% Apollonio et al. &1999'
)m21

2 8.0−0.3
+0.4$ 10−5 eV2 68% Aharmin et al. &2005'

()m32
2 ( 2.4−0.5

+0.6$ 10−3 eV2 90% Ashie et al. &2004'
!m!" ( 2 eV 95% Lobashev et al. &1999'; Kraus et al. &2005'
!m!!" ( 0.7 eVa 90% Klapdor-Kleingrothaus et al. &2001a'; Aalseth

et al. &2002a'
% ( 2 eV 95% Elgaroy and Lahov &2003'

aUsing the matrix element of Rodin et al. &2006'.
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Effective neutrino mass

MEDEX'19 M. Horoi CMU 23

mββ = Ue jl

2 mjl ⇐ T1/2
−1(0v) =G0ν (Qββ ) M

0v (0+ )⎡
⎣

⎤
⎦
2 η0v( )

2

η0v =
mββ

me



Effective neutrino mass
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⇐ T1/2
−1(0v) =G0ν (Qββ ) M

0v (0+ )⎡⎣ ⎤⎦
2 η0v( )2

η0v =
mββ

me

mββ = Ue jh

2 mjh



Neutrinoless double beta decay of atomic nuclei
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In atomic nuclei NP = In vacuum NP

Vacuum result stands : mββ = Uea
2 ma

a=1

3

∑

PLC =
0 0
0 iσ 2

⎛

⎝
⎜

⎞

⎠
⎟

4

Some of the contributions entering the neutrino field can be simplified if one consider the high electron density medium
where the neutrinos are born. In that case the terms without masses reduce to one state

X

a

Uea↵
(�)
a j = �j,jh (25)

X

a

Uea�
(�)⇤
a j = �j,jl (26)

where jh is the index of the highest mass eigenstate (i.e. state 3 for the normal ordering and state 2 for the inverted
ordering), and jl is the index of the lowest mass eigenstate (i.e. state 1 for the normal ordering and state 3 for the
inverted ordering). One then wonder if these limits could change the propagator, Eq. (12), and consequently the
decay half-life Eq. (13). It is preferable to calculate the contributions to electron neutrino propagator, Eq. (11), in
an electron density medium using the full expression for the field �M

e (x), as

h0|�W
e (x1)

�
�W

e (x2)
�T |0i =

Z
d3p

(2⇡)3

X

a,b,j

UeaUeb

⇥mb

2p
↵(�)
a j ↵

(�)⇤
b j �(�)(~p)�(+)T (~p)�ma

2p
�(+)
a j �

(+)⇤
b j �(+)(~p)�(�)T (~p)e�ip(x1�x2)

⇤

(27)

�h0|
�
�W

e (x2)
�T

�e(x1) |0i =
Z

d3p

(2⇡)3

X

a,b,j

UeaUeb

⇥ma

2p
�(+)
a j �

(+)⇤
b j �(�)(~p)�(+)T (~p)�mb

2p
↵(�)
a j ↵

(�)⇤
b j �(+)(~p)�(�)T (~p)e�ip(x1�x2)

⇤

(28)
Using the unitarity of the ↵(�)(p) and �(+)(p) matrices one gets

h0|�W
e (x1)

�
�W

e (x2)
�T |0i =

X

a

U2
ea

Z
d3p

(2⇡)3
ma

2p

⇥
�(�)(~p)�(+)T (~p)� �(+)(~p)�(�)T (~p)e�ip(x1�x2)

⇤
(29)

�h0|
�
�W

e (x2)
�T

�e(x1) |0i =
X

a

U2
ea

Z
d3p

(2⇡)3
ma

2p

⇥
�(�)(~p)�(+)T (~p)� �(+)(~p)�(�)T (~p)e�ip(x1�x2)

⇤
(30)

Putting everything together on gets

h0|T
h
�W

e (x1)
�
�W

e (x2)
�T i |0i = �i

X

a

U2
ea

Z
d4p

(2⇡)4
mae�ip(x1�x2)

p2 �m2
a + i✏

�
i�2

�
(31)

and using Eqs. (14) - (17) we recover the vacuum electron
neutrino propagator, Eq. (12).

IV. CONCLUSIONS

This work advances and extends the analysis of BSM
physics parameters involved in the neutrinoless double-
beta decay. We calculate 20 nuclear matrix elements and
9 phase-space factors. Two of these nuclear matrix ele-
ments (MGT 0 , MT 0) are calculated for the first time us-
ing shell model techniques. Three new hadron-level dia-
grams, Fig. 2.e, 2.f, 2.g are for the first time considered
in the full analyses based on the e↵ective field theory ap-
proach to 0⌫�� decay (they were only considered in the
past in the context of particular mechanisms).

Using a general e↵ective field theory and assuming that
one LNV coupling plays a dominant contribution to the
0⌫�� decay amplitude, we extract limits for the e↵ective
Majorana mass and 11 e↵ective low-energy couplings in

the case of five nuclei of immediate experimental inter-
est. Due to the better half-life limits, the most stringent
limits for the LNV couplings are found 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. Assuming a Yukawa coupling corresponding to
the electron mass, one can conclude that the 0⌫�� decay
could be consistent with a new physics scale somewhere
between 2 TeV and 20 TeV.

Using the upper limits for the LNV coupling we ex-
tract limits for the energy scale of the new physics, using
EFT arguments. We found that the scale associated with
the dimension-9 EFT operator is stable, and indicates a
new physics scale around 3 TeV. We also found that the
dimension-5 EFT operator associated with the Majorana
neutrino mass varies significantly with the Yukawa cou-
pling to Higgs and the 0⌫�� decay half-life.

Should neutrinoless double-beta decay be experimen-
tally observed, a thorough analysis of the outgoing elec-
trons angular and energy distributions (presented in

Details are rather complex and can 
be found in arXiv:1803.06332

In short: the vacuum result stands!



Summary 
• Neutrinoless DBD, if observed, will represent a big 

step forward in our understanding of the neutrinos, 
and of physics beyond the Standard Model.

• Ratios of half-lives for several isotopes are essential 
to account for alternative decay mechanisms.

• The effects of the high electron densities in atomic 
nuclei were investigated and they do not change the 
neutrino emission or detection, nor the 0vbb outcome.

• These results look simple, but the road to them is 
complex. Consequences to matter effects neutrino 
oscillations could be interesting.

MEDEX'19 M. Horoi CMU 26


