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In light of recent experimental results, we carefully analyze the effects of interference in neutrinoless
double beta decay, when more than one mechanism is operative. If a complete cancellation is at work, the
half-life of the corresponding isotope is infinite, and any constraint on it will automatically be satisfied. We
analyze this possibility in detail assuming a cancellation in '3¢Xe, and find its implications on the half-life
of other isotopes, such as "°Ge. For definiteness, we consider the role of light and heavy sterile neutrinos. In
this case, the effective Majorana mass parameter can be redefined to take into account all contributions, and
its value gets suppressed. Hence, larger values of neutrino masses are required for the same half-life. The
canonical light neutrino contribution cannot saturate the present limits of half-lives or the positive claim of
observation of neutrinoless double beta decay, once the stringent bounds from cosmology are taken into
account. For the case of cancellation, where all the sterile neutrinos are heavy, the tension between the
results from neutrinoless double beta decay and cosmology becomes more severe. We show that the
inclusion of light sterile neutrinos in this setup can resolve this issue. Using the recent results from
GERDA, we derive upper limits on the active-sterile mixing angles and compare them with the case of no
cancellation. The required values of the mixing angles become larger, if a cancellation is at work. A direct
test of destructive interference in '3°Xe is provided by the observation of this process in other isotopes, and
we study in detail the correlation between their half-lives. Finally, we discuss the model realizations which
can accommodate light and heavy sterile neutrinos and the cancellation. We show that sterile neutrinos of
few hundred MeV or GeV mass range, coming from an Extended seesaw framework or a further extension,

can satisfy the required cancellation.
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I. INTRODUCTION

In the past fifteen years, the experimental evidence of
neutrino masses and mixing has opened up a new window on
the physics beyond the Standard Model. The solar, atmos-
pheric, and reactor neutrino oscillation (see Refs. [1-6] for
recent reviews) experiments [7-13] of the past decades
confirmed that the standard neutrinos have very small
masses in the eV range. Neutrino mixing data [14—17] are
well described by the unitary Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix U, parametrized by three real mixing
angles, one CP violating Dirac phase, and two Majorana
phases. So far, the oscillation parameters, namely the solar;
atmospheric mass square differences Am?, and Am3,; and
the three oscillation angles 6;,, 6,3, and 0,3, have been
measured [7-20] up to a good accuracy. The current 3¢
allowed ranges of the oscillation parameters are [15,17]

6.99 x 107 eV? < Am3, < 8.18 x 1075 eV?,
217 x 1073 eV2 < Am3; <2.62x 1073 eV2, (1)

0.259 < sin?,, < 0.359,
0.331 < sin?@y; < 0.663,
0.016 < sin%@;5 < 0.031. (2)
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Although a lot of information on neutrino masses and
mixing have been unveiled in the past decade, yet many
neutrino properties remain to be determined. We still do not
know the neutrino mass hierarchy, if the CP symmetry is
violated in the leptonic sector, and most importantly, the
nature of neutrinos—whether neutrinos are Dirac or
Majorana particles. The neutrino nature is strictly related
to the violation of global leptonic number, and, hence,
experiments in which lepton number violation can manifest
itself could unveil the Majorana nature of neutrinos.
Among the different lepton number violating experiments,
neutrinoless double beta decay, searching for (A,Z) —
(A,Z+2)+2e [21-34], is the most sensitive one. In
the minimal extension of the Standard Model, augmented
only by massive neutrinos, this process is mediated by light
neutrino exchange [35]. In this case the observation of
(pf),,-decay can shed some light on the mass hierarchy, the
neutrino mass scale, and, possibly, on one of the Majorana
CP-violating phases, although this will be very challenging
[36,37]. However, in general other mechanisms could play a
role in neutrinoless double beta decay. In fact, Majorana
neutrino masses require further extensions of the Standard
Model, with a new physics scale, new particles, and a source
of lepton number violation. The simplest realization comes
from the dimension-5 operator L - HL - H/A [38], which
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can arise as the low energy effective term from a higher
energy theory with lepton number violation. The latter will
typically also induce neutrinoless double beta decay directly.
In most cases, such contributions are suppressed due to the
heavy scale of the new mediators, but many exceptions exist
[39]. Several detailed studies have been carried out [40-47]
regarding Type-I [48-51], Extended [52,53], Inverse seesaw
[54-58], Left-Right symmetric [59-66], and R-parity
violating supersymmetric models [67-71]. It is found that
in the Type-I and Extended seesaw scenarios sterile neu-
trinos with few GeV masses can give a contribution
comparable to the light neutrino ones or even be dominant
[42—-44]. For Left-Right symmetric models, the right-handed
current contribution can be significantly large, if the new
gauge boson and right-handed neutrino masses are in the
TeV scale [60-66]. In the case of R-parity violating
supersymmetry, different lepton number violating states,
e.g., neutralino, squark and gluino, can mediate this process,
and their contributions have been analyzed in detail [67-71].
The different lepton number violating states can also
originate from an extra dimensional framework [72] or
other possible new physics scenarios [73-75].

Several experiments on neutrinoless double beta decay
[25-34] have been carried out using different types of
nuclei, e.g., "°Ge, *°Xe, '““Mo, and '*°Te. The bounds
coming from Heidelberg-Moscow [29] and IGEX [30]
experiments apply to the 7°Ge isotope and are given by
7%, > (1.9, 1.55) x 10% yr at 90% C.L., respectively, but

the most stringent bound has been recently reported by the
GERDA collaboration: 79/, > 2.1 x 10* yr at 90% C.L.
[28]. Combining the latter with the Heidelberg-Moscow
and IGEX experiments, the limit improves to T(1)72 > 3.0 x
10% yr at 90% C.L. [28]. It should be pointed out that a
part of the Heidelberg-Moscow collaboration, led by
Klapdor-Kleingrothaus and collaborators, reported evi-
dence of the observation of this process corresponding
to the half-life T%,("Ge) = 1.19705] x 10® yr [25],
which was updated later to T9%,("Ge) = 2.23103} x
10% yr [26]. This claim has been constrained significantly
by the recent results from GERDA [28], but at present
neither the individual nor the combined limit from GERDA
[24] can conclusively rule out the updated claim [26].
Using the '3Xe isotope, the bounds on half-life from
EXO-200 and KamLAND-Zen experiments are 7'(1)72 >
1.6 x 10% [32] and T?72 > 1.9 x 10 yr [31] at 90% C.L.,
respectively. The KamLLAND-Zen collaboration has com-
bined the two limits obtaining 79, > 3.4 x 102 yr at
90% C.L. [31]. According to the KamLLAND-Zen collabo-
ration, this combined bound rules out the claim in Ref. [26]
at 99.7% C.L., but, as pointed out in Ref. [64], this
conclusion depends on the nuclear matrix elements
(NME) used. Future experiments will conclusively confirm
or disprove the positive claim and can improve the
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sensitivity to the half-life by more than an order of
magnitude [27,31,76-82].

The light neutrinos, if Majorana particles, will mediate
the neutrinoless double beta decay. Their contribution can
saturate the present limits of half-lives only in the quasi-
degenerate limit. As pointed out in Refs. [43,64,83], the
bounds from cosmology put a stringent constraint on
neutrino masses and consequently on the interpretation
of neutrinoless double beta decay mediated by light
neutrino masses to satisfy the claim in Ref. [26], or to
saturate the experimental limits from Heidelberg-Moscow,
GERDA, EXO0-200, and Kam[LAND-Zen [28,29,31,32].
The conclusion remains the same, after including the
stringent cosmological bound on the sum of light neutrino
masses from Planck [84], as it has been explicitly shown
in Ref. [64].

In the light of the recent experimental results, in this
work we carefully analyze lepton number violation in
neutrinoless double beta decay for the cases in which more
than one mechanism is operative [44]. In the presence of
several left-current processes, if their contributions are
comparable, they can sum up constructively in neutrinoless
double beta decay or even partially or completely cancel
out, making the half-life much longer than naively
expected. Establishing if cancellations are at play could
be of importance to conclusively determine the nature of
neutrinos. In fact, if future experiments do not find
neutrinoless double beta decay in contradiction with the
theoretical prediction, the conclusion that neutrinos are
Dirac particles is valid only if the possibility of cancella-
tions between different mechanisms is excluded. For
instance, this would be the case if no positive evidence
is found down to an effective Majorana mass parameter of
10 meV and an inverted hierarchy is established in reactor,
atmospheric, and/or long baseline neutrino oscillation
experiments. Here, we show that if both light and heavy
neutrinos, compared to the momentum exchange of the
process, are at work, it might be possible to test the
presence of such a cancellation.

While individual contributions from different underlying
mechanisms, e.g., the most popular light neutrinos; sterile
neutrinos in Type-I, Extended seesaw, and Inverse seesaw;
and gluino and squark exchange for R-parity violating
supersymmetry, have been carefully analyzed in the liter-
ature, the interference effects have been neglected to
a large extent (see Refs. [85-88] for the few discussions
on the interference). In this work, we discuss the effect of
interference in detail and present simple model realizations
in which such cancellations can emerge. Although our
analysis is general, one immediate application would be to
solve the mutual inconsistency between the positive claim
in Ref. [26] for 7°Ge and the bounds from Refs. [31,32] in
136Xe. If the found evidence [26] is finally refuted by future
experiments, the possibility of cancellations remains open
and should be tested by using different nuclei.
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The paper is organized as follows. In Sec. II, we review
the different bounds on neutrinoless double beta decay; we
discuss the contribution from light neutrino exchange, the
stringent bounds on neutrino masses from cosmology, as
well as the future bound from KATRIN [89]. Following that,
we discuss the contribution from sterile neutrinos in Sec. II1.
We discuss the cancellations in Sec. IV, where we carefully
consider the interference between two dominant mecha-
nisms in neutrinoless double beta decay, e.g., light neutrino—
heavy sterile neutrino exchange or light neutrino—gluino/
squark exchange. We show how this possibility is further
constrained from beta decay as well as cosmology. Next,
we consider the case in which both light and heavy sterile
neutrinos are operative in neutrinoless double beta decay.
This possibility allows us to overcome the constraints from
cosmology. We discuss the correlation of half-lives between
two different isotopes in Sec. V. In Sec. VI, we discuss
simple model realizations which can accommodate sterile
neutrinos. Finally, in Sec. VII, we draw our conclusions.

IL. LIGHT NEUTRINO EXCHANGE IN
(8B)y,-DECAY AND ITS CONNECTION
TO BETA DECAY AND COSMOLOGY

Below we review the most stringent constraints on 7%,
for the isotopes of interest "°Ge, '3°Xe, 3%Te, '"°Mo, and
82Se. All bounds are reported at 90% C.L. unless otherwise
specified:

(1) The claim of observation of ($f),,-decay by H. V.
Klapdor-Kleingrothaus and collaborators for the
76Ge isotope corresponds to the half-life is
10, ("Ge) = 2.23105} x 10® yr (the range corre-
sponds to 68% C.L.) [26]. This has been challenged
by the previous results from Heidelberg-Moscow
[29] and by the recent result from GERDA [28]. The
lower limit of half-life of °Ge that comes from
GERDA [28] is T1%,(°Ge) > 2.1 x 10 yr. When
combined with the limits from Heidelberg-Moscow
(HDM) [29] and IGEX [30] experiments, the limit
is T1,("Ge) > 3.0 x 10®yr. Note that, as pointed
out in Refs. [64,90], the individual as well as the
combined limits from GERDA do not conclusively
rule out the positive claim [26].

(2) The bounds from EXO-200 [32] and KamLAND-
Zen [31] experiments for *Xe are T9",(**Xe) >
1.6 x 10 and 70, ("**Xe) > 1.9 x 10* yr, respec-
tively. Combining the two, the lower limit becomes
T, ("Xe) > 3.4 x 10% yr [31].

(3) The bound on the half-life of '**Te coming from
CUORICINO is T(l)‘/’z(BOTe) > 2.8 x 10%* yr [33].

(4) The lower limit on half-life of '°°Mo from NEMO 3
is T99,('Mo) > 1.1 x 10** yr [34].

(5) The half-life of ¥Se is bounded from below as
70, (*Se) > 3.6 x 10% yr [34].

PHYSICAL REVIEW D 90, 093005 (2014)

Among these different bounds, those on the half-life for
76Ge and '3Xe are in particular quite stringent. As pointed
out in Ref. [64], the claim of observation of (ff),,-decay
in 7°Ge is compatible with the individual limits from
KamLAND-Zen and EXO-200 for few NME calculations,
and it is in contradiction with the combined bound for
most of the NME calculations, except of the calculation
corresponding to Ref. [91]. For the discussion on the
mutual compatibility between the positive claim [26] and
the bounds on the half-lives, see also Ref. [92]. It should be
noted that, for a given value of m%,, the predicted value of
the half-life T?72 depends strongly on the NME uncertainty.
Taking this variation into account, the correlation between
half-lives for two different isotopes can be used to test the
positive claim [26], as it has been done in Refs. [31,64].

If light neutrinos are Majorana particles [93], they will
mediate neutrinoless double beta decay [35]. The observ-
able in (Bf),,-decay is the ee element of the mass matrix
|mk.|, known as the effective Majorana mass parameter of
neutrinoless double beta decay; see, e.g., Refs. [6,36,94-96].
Explicitly written in terms of the elements of the PMNS
mixing matrix, this reads

v o 2 .2 2 .2 L2ia 2 L2i(az+0
me = mychycls + mysiyeize® + mysty e, (3)

where a, 5 are the Majorana phases and ¢ is the Dirac phase.
The half-life T(1)72 of (ff),,-decay and the effective mass m?,

are related through the nuclear matrix element M,, the
phase-space factor G, and electron mass m, as

4)

In Fig. 1, we show the variation of |m¥%,| with the lightest
neutrino mass Miiges;, Where we have used the 3o range of
oscillation parameters from Ref. [17]. The blue and green
areas correspond to a, 3 taking CP-conserving values, while
the red regions correspond to the violation of the CP
symmetry. The dashed and dotted horizontal purple lines
represent the required effective mass that will saturate the
GERDA and GERDA + HDM + IGEX limits, respectively
[28]. The orange lines correspond to the positive claim
(90% C.L.) [26]. The bands represent the NME uncertainty,
taken from the compilation in Ref. [64]. As the plot suggests,
a measurement of |m%| will give information on masses
correlated with the CP-violating phases, under the
assumption that light neutrino exchange is the only under-
lying mechanism in (3f),,-decay.

In addition, the light neutrino mass is also bounded from
beta decay studies as well as from cosmology. The mass
probed in beta decay is my; = /%;|U%|m? [97], and the
present 95% C.L. limit on this observable is m; < 2.3 eV
from MAINZ [98] and my < 2.1 eV from Troitsk [99]
collaborations, respectively. This bound can be improved
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FIG. 1 (color online).  Variation of the effective mass |m%,| with
the lightest neutrino mass #jigpes;. The horizontal purple lines
represent the required |m%,| that will saturate the limits of half-
lives of 7°Ge from GERDA [28]. The purple band corresponds to
the NME uncertainty taken from the compilation in Ref. [64]. The
orange lines correspond to the ranges of |m%.| for which the half-
life of 7°Ge is in agreement with the positive claim (90% C.L.)
[26]. The vertical black solid line represents the KATRIN
sensitivity [89]. The dashed and dotted-dashed vertical lines
represent the limits obtained from cosmology my = 0.23 eV and
my = 1.08 eV [84].

by one order of magnitude down to my < 0.2 eV from the
beta decay experiment KATRIN [89], which is currently
under commissioning. The sum of light neutrino masses
my = X;m; is constrained from cosmology. In the quasi-

degenerate regime Myjgpest > \/ Am?,, that is of particular
interest for (ff),,-decay and beta decay as well cosmo-
logical searches, we have X;m;/3 ~ Myjgpieq ~ Mg > M.
The recent upper bounds on the sum of light neutrino
masses coming from Planck [84], which we consider in our
studies, are the following: i) my < 0.23 eV, derived from
the Planck + WP + highL + BAO data (Planckl) at
95% C.L., and ii) my < 1.08 eV from Planck + WP+
highLL (A;) (Planck2) at 95% C.L. [84]. As pointed out in
Refs. [42,43,64,83] and as evident from Fig. 1, after
imposing the bounds from cosmology (assuming standard
cosmology), the light neutrino contribution itself cannot
satisfy the claim in Ref. [26] or saturate the current
bounds [28,29,31].

III. STERILE NEUTRINO EXCHANGE
IN (8),,-DECAY

Sterile neutrinos can also give large contributions to
neutrinoless double beta decay as analyzed in detail in
Refs. [40-46]. We assume here sterile neutrinos’ with a
mass M; and which mix with v,. The half-life 7*1)’;2
is [42,100]

'For simplicity, we call the massive states mainly in the sterile
neutrino direction simply “sterile neutrinos” as commonly done
in the literature.
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1 M, |2
o = Ko, |0% 5] - (5)
TV, P - My
where Ko, = Go,(m,My)? and p* = —mem, % Here

M, is the NME for the light neutrino exchange, and
My, is for the heavy neutrino exchange, |p| ~ 100 MeV is
the exchanged momentum scale in (Bf),,-decay, ©,; is
the active-sterile neutrino mixing, and m, is the mass
of the proton. In the subsequent discussions, we denote O,;
by U4, and M; by my_ for light sterile neutrinos, i.e., when
M? < |p?|. For the heavy sterile case, M7 > |p?|, and we
denote them by V.y and My, respectively. For light sterile
neutrinos, the above equation simplifies to

2 2
= Go | =5 G
while for the heavy sterile one, we have
1 5 gN,- o|?
7 = G| 7)

Using the above equations and the recent result from
GERDA [28], we derive the bound on the active-sterile
mixing angle, assuming only one light or heavy sterile
neutrino participates in ($f),,-decay. In all our subsequent
analysis, we use the values of NMEs M, and M from
Ref. [85], corresponding to the axial vector cut-off
ga = 1.25. We use the phase-space for 7°Ge: G§¢ = 5.77 x
10~ yr=! [101]. In Fig. 2, we show the upper bound on
the active-light sterile neutrino mixing angle |Ug,|? from
(pP)o,-decay, that saturates the individual limit T?‘/’z =

2.1 x 10% yr from GERDA [28]. The gray region is due to

0.1
0.001

Q

> 0-5

= 107 GERDA 90%
1077
107° : : :

1078 107¢ 1074 0.01

FIG. 2 (color online). Upper bound of |U2,| as a function of m,
from the limit on the half-life from GERDA [28]. The gray band
is due to the uncertainty on the NMEs. For comparison, we also
show the different bounds from the beta decay, solar and reactor
experiments, peak search, and beam dump experiment, first
compiled in Ref. [102] .
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the uncertainty introduced by the NME M, corresponding
to the light neutrino exchange. For comparison, we also
show the other different bounds, first compiled in Ref. [102].
For the mass of sterile neutrino m, < 1 MeV, the kink
searches in the f-decay spectrum is a sensitive probe of
sterile neutrinos. The excluded regions with contours that
are labeled by '®’Re, 3H, %3Ni, 33S, 2F, and Fermi, refer to
the bounds from kink searches [103—107]. Note that, in
addition, we have also included the bound coming from
the beta decay experiment of *Cu [108], which was not
reported in Ref. [102]. The reactor and solar experiments
Bugey and Borexino [109,110] are sensitive in the region
my ~ few MeV. Exclusion contours have been drawn by
looking into the decay of sterile neutrino into electron-
positron pairs. On the other hand, for mass m, > few MeV,
the sensitive probe is the peak search in z — ev [111], where
the region inside the dotted-dashed black contour is
excluded. As can be seen from the figure, the bound on
the active-light sterile neutrino mixing coming from
(Pp)o,-decay is the most stringent for most of the parameter
spaces in Uy — my plane. For the mass of the light sterile
neutrino m, < 107 GeV, the bounds from different beta
decay searches are close to the ones from (/3f),,-decay and
possibly canbe improved by the future betadecay experiments.
In the range 10™* <my <0.01 GeV, the bound from
(BP)g,-decay is the most stringent, while around
my ~ 0.1 GeV, the bound from peak searches, 7 — ev
[111], can almost compete with the bound from (f3),, -decay.

Similarly, the upper limit on the mixing angle |V y|* is
shown in Fig. 3. The gray region is due to the uncertainty
in the NME M, corresponding to the heavy neutrino
exchange. In addition, we also show the other different
bounds, from Ref. [102]. The regions inside the brown
dotted-dashed line is excluded from the beam dump
experiment PS191 [112]. For mass of sterile neutrino
My ~ O(100) MeV, the stringent bound is obtained from
the electron spectrum in meson decay K — ev decay [113].
For heavier masses My ~ O(GeV), the Z° decays into
sterile neutrinos can be used to obtain exclusion contours,

i ST NA3 i
il i
. \
001F K. i
HERSEAN i
N L3 A
4 g\ ~ \\' --------------------- K
o 107 - DELPHI / 1
Z i
= H

GERDA 90%

10-10 . . .
1 10 100 1000

My (GeV)

FIG. 3 (color online).
See the text for details.

The same as Fig. 2 but for [V2,| vs M.
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labeled as DELPHI and L3 [114,115]. See Ref. [102] and
the references therein for the detail description of other
different bounds [116,117]. Also in this case, for most of
the parameter space, the (fBf),, -decay gives the most
stringent limit. For the mass of the heavy sterile neutrino
My ~O(100) MeV, the bound from the beam dump
experiment PS191 is competitive with the one from
(pf),,-decay. For the positive claim [26], the results are
very similar, and we do not show the corresponding region
explicitly.

IV. CANCELLATIONS AMONG DIFFERENT
CONTRIBUTIONS IN (88),,-DECAY

The discussion of the previous section on the effective
Majorana mass relies on the assumption that either the light
or heavy neutrino exchange is the only underlying mecha-
nism in (ff),,-decay. However, in an extension of the
Standard Model leading to light Majorana masses, the
lepton number violating mechanism responsible for it will
also contribute to neutrinoless double beta decay directly
and could potentially interfere with the light neutrino one.
Below we consider this possibility in detail. This is of
particular interest, as it can solve the mutual inconsistency
between the positive claim [26] and the results from
KamLAND-Zen [31].

If more than one mechanism is operative at (f33),,-decay,
the half-life T(l)‘/’2 of (Bp),,-decay for a particular isotope

will receive different contributions as
1
T G0v(|’7ﬂM% + |’7§‘M% + 2 cos aln |12l My M),

TOZ/
(8)

1/2

where G, is the phase-space factor and M, are the
NME:s for the two different exchange processes. Here, #;
and #, are the two dimensionless quantities which contain
all the information from the particle physics parameters
associated with the two exchange mechanisms, and « is the
relative phase factor between them. The different exchange
mechanisms can be for, e.g., light neutrino and sterile
neutrino exchange or light neutrino and squark/gluino
exchange. If a complete cancellation takes place between
two exchange mechanisms, then the phase cosa = —1,
and || M, = [1,] M,. Consequently the half-life T?’;z in
Eq. (8) would be infinite, and this process in a specific
nucleous would never be observed. However, this does not
need to be the case for another isotope. Between two
isotopes (A, B), if this cancellation is effective for isotope
A, then the half life for isotope B is

1 M4 2
o 7 = G |’72|<M13——’ Mg ), (9)
TB) TR My,
where M 4, M, 4 are the NMEs for the two exchange
processes in isotope A and M, , M,  are for isotope B.
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As an example, we consider the case when the cancellation
is effective in '3°Xe. In this case, the bound on half-life
T°72 > 3.4 x 10% yr [31] is automatically satisfied, irre-
spective of the absolute magnitude of | »|. Denoting the
nuclear matrix elements for 7°Ge and '3Xe by M, g,
M, e and M x., M> x. and the phase space of °Ge by
G§e, the half-life of "5Ge is

MlXe

1
— GGe|’72| <./\/l
ov 11 1.Ge — M 2 Xe

2
—_ = —=M e) . (10
T?’72(76Ge) 20 (10)

The value of ;] that saturates the lower limit of half-life
from GERDA [28] and GERDA + HDM + IGEX [28] is

(2.87,2.40) x 10~ an
M xe ’
|(M1,Ge - M;ie M2.Ge)|

while the range of |i;| that satisfies the positive claim
(90% C.L.) in Ref. [26] is

(242 - 3.18) x 1076
|(M1,Ge - ﬁ;iz MZ.G6>|

|'I1| =

mi| = (12)

As stressed before, note that the individual or the combined
limit from GERDA [28] does not conclusively rule out
the positive claim in Ref. [26]. Hence, in addition to the
GERDA and GERDA + HDM + IGEX limits [28], we
also carry out the discussion on the positive claim [26]. If
the above-mentioned cancellation is operative for '3°Xe, it
would be possible to automatically satisfy the bounds
obtained by EX0-200 and KamLLAND-Zen collaboration
[31,32] for the '3Xe isotope and yet to satisfy the claim in
Ref. [26], irrespective of any NME uncertainty. Hence, it is
possible to reconcile any mutual conflict between the
results of '3°Xe and 7°Ge.

A. Light active and heavy sterile neutrinos

We first discuss the case when the two interfering
mechanisms correspond to light active and heavy sterile
neutrino exchange. We also include the discussion when
the cancellation is operative between light neutrino
exchange and squark/gluino exchange mechanisms, e.g.,
in R-parity violating supersymmetry.

First, we study the case of light active neutrinos v; and
heavy sterile N; with mass My , larger than the typlcal
momentum exchange |p| in (ﬁﬂ)op -decay: M3 > |p*|~
(100)? MeV?. We consider maximum destmctlve interfer-
ence between the two mechanisms, i.e., cosa = —1. A
cancellation in isotope A will lead to the following relation:

Mu A
— . 13
My s (13)

Here, we have replaced 7, , of the previous section by
1n,.n» respectively, where #, correspond to light neutrino

|’7N| = |77u|
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exchange and 77 correspond to the heavy sterile neutrino
exchange. The nuclear matrix elements M 4 and M, , in
this case correspond to light and heavy neutrino exchange
and have been denoted as M, 4 and My 4, respectively.
In the above, the particle physics dimensionless parameters
n, and 5y are given by

= 14

= (14)
VZm

L (3

The half-life for any other isotope B is predicted to be

M4 My \2
2 (1-=2AZTNE Y (16
- ( My a MD,B) (16)

1

on | el
L
TY,B8) "

It can be rewritten in terms of an effective mass, where the
redefined effective mass is

My M
eff| _ vq— v,A N.B ) 17
= (1)l

Hence, if the light and heavy exchange contributions cancel
each other for isotope A, for any other isotope B, the effect
would manifest itself by increasing the half-life. Below, as a
relevant example, we again focus on the case in which the
cancellation is present in 136Xe and we explore its effect on
the half-life of °Ge.

Using Eq. (16), the different values of redefined effective
mass |m&T| that is required to saturate the individual and
combined limits of the half-life from GERDA [28] and to
satisfy the positive claim (90% C.L.) [26] are given in
Table 1. The redefined effective mass |mS| is smaller than
the true effective mass |m%.|, as expected. We show the
variation of the effective mass |m¢| with the lightest
neutrino mass scale Myjgpeq in Fig. 4. The horizontal purple
bands show the effect of NME uncertainties and correspond
to the two different ranges of required effective masses
|mef| = (0.25-0.31) eV (dashed purple band) and

TABLE I. The upper limits of the redefined effective neutrino
mass |m&l| that saturate the lower limits of half-life of "*Ge from
GERDA [28] and GERDA + HDM + IGEX [28]. The NMEs
have been taken from Ref. [85]. Also shown are its required
ranges corresponding to the positive claim (90% C.L.) [26].

|meff‘ (CV)
NME SRQRPA GERDA Combined Positive claim
Argonne intermediate 0.31 0.26 0.26-0.34
Argonne large 0.27 0.23 0.23-0.30
CD-Bonn 0.29 0.24 0.24-0.32
CD-Bonn 0.25 0.21 0.21-0.28
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FIG. 4 (color online). Variation of redefined effective mass
|métt| with the lightest neutrino mass g for °Ge. The effect
of cancellation is operative between a light active and heavy
sterile neutrino. The horizontal purple lines represent the required
|m&l| that will saturate the limits of half-lives from GERDA [28].
The horizontal dashed orange lines represent the ranges of |m&
for which the half-life for °Ge is in agreement with the positive
claim (90% C.L.) [26]. The vertical black solid line represents the
future sensitivity of KATRIN [89]. The dashed and dotted-dashed
vertical lines represent the limits obtained from cosmology [84].
The horizontal brown and black lines show the future sensitivity

of the effective mass for 7°Ge, assuming a half-life T(l)’;z =
1.5 x 10*® (GERDA Phase-II) [118] and T(l)’;z =6x 107 yr
[24], respectively.

|m&f| = (0.21-0.26) eV (dotted purple band) to saturate
the GERDA and GERDA + HDM + IGEX [28] limits,
respectively. The horizontal dashed orange lines represent
the minimum and maximum of the required ranges of
effective mass |mclf| = (0.21-0.34) eV that satisfies the
positive claim [26]. In both of the figures, the vertical black
solid line represents the future sensitivity of KATRIN
Miighiest < 0.2 €V [89], and the other two vertical lines
represent the bound myjgneq < 0.077 eV and myjgpieqr <
0.36 eV, following the two extreme bounds from Planck
data set my < 0.23 eV (Planckl) and my < 1.08 eV
(Planck2) [84], respectively.

As can be seen from the figure, the effective mass
|m&| can saturate the required values only in the quasi-
degenerate regime. However, this possibility can be
severely constrained by the future sensitivity from
KATRIN [89], which does not depend on any particular
physics model. In particular, for the bound my; < 0.2 eV
from KATRIN [89], the effective mass cannot reach the
required value of |mff|. The bound from cosmology is even
more stringent compared to the case when the light
neutrinos are the only mediators, and therefore the tension
between cosmology and the possible claim in neutrinoless
double beta decay is more severe. We also show the future
sensitivity for 7°Ge by the horizontal brown and black lines
that correspond to half-lives T%, = 1.5 x 10%® yr for
GERDA Phase-Il [118] and T7), =6 x 10?7 yr [24],

PHYSICAL REVIEW D 90, 093005 (2014)

respectively. It is evident from Fig. 4 that the effective
mass can saturate the future limit from GERDA Phase-1I
around My;ghees ~ 0.25 €V. This possibility is unconstrained
from the most stringent limit from Planck and marginally
constrained by the future sensitivity of KATRIN. For the
half-life T(1)72 = 6 x 10?7 yr, the effective mass can saturate
the limit even for mygpey as low as 107 eV. This
possibility is not at reach for future cosmological obser-
vations and beta decay experiments.

In our analysis, we consider a complete cancellation for
the isotope '3°Xe. This sets the fine-tuning between two

~ ibutions i ly| — M, ("Xe)
different contributions in (ff),,-decay as W= Mo (e

where (1,,M,) and (5, My) are for light and heavy
neutrino exchange contributions, respectively. If for any
other isotope the ratio of the two nuclear matrix elements
M, and M, are the same as of '°Xe, then a complete
cancellation can also be realized for other isotopes. In
Table. II, we show the ratio of the two different nuclear
matrix elements M, and My for different isotopes, such as
136Xe  7Ge, 82Se, "“Mo, and '*°Te. As can be seen,
considering a particular NME calculation, the ratio between
light and heavy nuclear matrix elements is sufficiently
different for '3Xe and other isotopes. Hence, a complete
cancellation in '*°Xe will lead to partial cancellation in
other isotopes.

In this work, we have not included the effect of the errors
of the NMEs. Only very few computations of NMEs
provide some estimate of their theoretical uncertainty.
See Ref. [119] for the errors on M, but a robust estimate
both for the light and heavy neutrino exchange for all the
nuclei considered is missing. The spread between the
values of the ratio in different frameworks, e.g., Argonne
or CD-Bonn potential, could give an indication of the
possible uncertainty. However, this cannot be used for a
quantitative analysis in our study, as it does not result from
a sound and detailed analysis and does not include the
correlations of the errors between the light and heavy
neutrino exchange cases and between different nuclei. We
again repeat that, for each framework depicted in Table I,
the ratio is different for '**Xe and other isotopes. Hence,
the effect of cancellations is relevant for all of them.

TABLE II. The ratio of the two nuclear matrix elements M,
and My corresponding to light and heavy neutrino exchanges,
respectively. We show the ratio for different isotopes '*°Xe, °Ge,
82Ge 100Mo, and 3OTe.

M, (A)

My (A)
NME SRQRPA 36Xe 7°Ge %2Se Mo 30Te
Argonne intermediate  0.014 0.020 0.020 0.018 0.018
Argonne large 0.017 0.021 0.020 0.018 0.0174
CD-Bonn 0.018 0.015 0.014 0.012 0.013
CD-Bonn 0.020 0.014 0.014 0.013 0.012
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Variation of the redefined effective mass |m
cancellation is effective between light neutrino and gluino exchange. The horizontal purple lines represent the required |mgt
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GERDA 90%

GERDA+HDM +IGEX 90%

0.1

T{)5=1.5x10 yr

0.001 0.01
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| with the lightest neutrino mass Mijghiest fOT 70Ge. Left panel: the
off| that will

saturate the limits from GERDA [28]. The horizontal dashed orange lines represent the ranges of |mgl | for which the half-life for 7°Ge is
in agreement positive claim (90% C.L.) [26]. See the text for details. Right panel: for the case when the cancellation is effective between
light neutrino and squark exchange. All other descriptions remain same as in Fig. 4.

The cancellation between light contribution and heavy
contribution can also be realized in other new physics
scenarios, e.g., R-parity violating supersymmetry. In this
framework, the gluino and squarks can give large contri-
bution in (ff3),,-decay. Below, we discuss the case when the
cancellation is effective between light neutrino exchange
and gluino/squark exchange. We denote the NMEs corre-
sponding to the gluino exchange by M and the squark
exchange by M and parametrize their contributions by 7
and 3, respectively. The descriptions of 7, and 7 on the
fundamental parameters of the theory has been described in
detail in Ref. [71,88], and we do not repeat them here. Like
the previous case, the cancellation between light neutrino
exchange and squark/gluino exchange in isotope A will
result in a reduction of effective mass for any other isotope.
The left and right panels of Fig. 5 correspond to the two
different cases, when the cancellation is effective between
light neutrino-gluino and light neutrino-squark exchanges,
respectively. The NMEs have been used from Ref. [85].
The horizontal dashed and dotted purple lines represent
the required effective mass that will saturate GERDA and
GERDA + HDM + IGEX [28] limits. They have been
derived using Eq. (16) and include the effect of cancellation
in 13%Xe. The horizontal orange lines correspond to the
required ranges of effective mass |m¢T|, that will satisfy the
positive claim [26].

B. Light and heavy sterile neutrinos

The tension discussed above between cosmology and
neutrinoless double beta decay can be avoided if, in
addition to the heavy sterile neutrinos, we also have light
sterile neutrinos. The latter, depending on their mass and
mixing, can give a large contribution even compared to the
light active ones and can in fact saturate the required value
of |m¢|. On the other hand, the bounds from cosmology
are only relevant if the masses of the sterile neutrinos are

very small m, ~ eV and they were copiously produced in
the early Universe contributing to hot dark matter. For
heavier masses, m, > keV, the mixing angles of interest
are very large and would lead to fast decays of sterile
neutrinos and consequently to no bounds from cosmology.
Hence, adding light sterile neutrinos in addition to heavy
sterile ones can solve the mutual inconsistency between the
positive claim in Ref. [26] and KamLAND-Zen [31], can
saturate the upper limits of effective masses for GERDA
and GERDA + HDM —+ IGEX [28], and can be in accor-
dance with the bounds coming from cosmology. Here, we
study in detail this case.

We assume both Majorana light sterile neutrinos v,, with

mass mj; < |p*| ~(100)*> MeV? and heavy sterile neu-

trinos N; with mass M5, > [p?[ ~ (100)> MeV?. In this
case, the half-life of any isotope is

1

0
T172

Gou (77| MZ =+ [y | MK + 2 cos aly|lny| M My),

(18)

where the parameters 7; and 7y correspond to the con-
tributions from light and heavy neutrinos as

- (ZmU% + pmy, U§4k)

me
UN:Z

J

2
my VeNj
My,

(19)

For simplicity we consider the case in which only one
light sterile and one heavy sterile neutrinos are present. If
the cancellation between light and heavy neutrino contri-
bution is effective for isotope A, then following the
discussions of previous sections, #; and 7, are related as
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lny| = |’71|j\\/l/l;i . For any other isotope B, the redefined
eff 3
i

effective mass mSy is

My M
mett = (m¥, + myU2,) x <1 vA N-B). (20)

Mpya M,

In the above, we have dropped the generation index, and m,
denotes the mass of the light sterile neutrino, while U, is
the active-light sterile mixing. We again assume a cancel-
lation for *°Xe, and we examine its implications on °Ge.
From Table I, it is evident that to satisfy/saturate either the
positive claim [26] or the limits from GERDA [28] a large
effective mass |mf| ~ O(0.1) eV is required. We denote
the limiting values of effective masses |m¢| of Table I by
for GERDA and GERDA + HDM + IGEX [28] and the
minimum and maximum values of the required |m&| by
and «, for the positive claim [26]. Following the stringent
constraint from cosmology, the effective neutrino mass
|m&.| corresponding to the light neutrino exchange is
extremely small [m%,| < 0.09 eV (see Fig. 1), and we will
neglect it in the following. Hence, if the total contribution
saturates the limits from GERDA and GERDA + HDM +
IGEX [28], the active-light sterile neutrino mixing |U2,] is
bounded as follows:

K 1
|U§4‘ S— M, <. M . (21)
Gl v e rew)

On the other hand, in order to explain the positive claim in
Ref. [26], we need

K 1 Ky 1
"ma M, xe My ge < |U§4| N i My xe MngGey|
4 |(1 - MN’.Xe MMG&! )| 4 |( - MN.Xe MD.GE)|

(22)

In Fig. 6, we show the upper bound on the active-light
sterile neutrino mixing angle |U§4| corresponding to the
individual (solid lines) and combined (dashed lines) limits of
half-life for °Ge from GERDA [28]. The area in the |U 4| —
my plane that is above this line is excluded. The red and blue
lines have been derived using the NMEs corresponding to
the Argonne potential (intermediate and large size single-
particle spaces, respectively) between two different nucle-
ons, and the purple and orange lines are using the NMEs
corresponding to the CD-Bonn potential (intermediate and
large, respectively). For the positive claim [26], the variation
of the active-sterile mixing with mass of the sterile neutrino
is quite similar, and hence we do not show it separately.
In this case, the cancellation for '36Xe is operative mostly
between the light sterile and heavy sterile neutrino contri-
butions. For comparison, we also show the other different
bounds, first compiled in Ref. [102]. By comparing Fig. 6
with Fig. 2, it is evident that in the presence of cancellation a

PHYSICAL REVIEW D 90, 093005 (2014)

10°8 10°¢ 1074 0.01
my4 (GeV)

FIG. 6 (color online). Upper bounds of |UZ| that saturate the
limits from GERDA [28]. The different color coding corresponds
to the NME uncertainty. See the text for details. For comparison,
we also show the different bounds from beta decay, solar and
reactor experiments, peak search, and beam dump experiment,
first compiled in Ref. [102].

larger mixing U,y is required to give the same value of the
half-life. Also, as compared to Fig. 2, in this case the bound
on active-sterile mixing angle from 7z — ev can compete
with the bound from (), -decay. Note that the requirement
of not spoiling big bang nucleosynthesis (BBN) puts strong
bounds on active-sterile neutrino mixing in the 10-100 MeV
mass range [120], restricting a small part of the parameter
space. A recent calculation of cosmological bounds on sterile
neutrinos has been derived in Ref. [121], for a pure Type-I
seesaw scenario. Strong bounds are found due to the fact that
the sterile neutrinos thermalize, unless the lightest neutrino
mass is smaller than 1073 eV. It should be pointed out that
these bounds depend on the background cosmological
evolution and on the production mechanism. For instance,
they could be very significantly relaxed if there are secret
interactions [122] suppressing their production, if they decay
very fast in invisible particles, if there is entropy release after
their production diluting their density. In this study, we have
kept the mixing angle and masses as free parameters, and we
do not make further assumptions about the cosmological
model and their effects on the early Universe.

As we are assuming a cancellation in '3°Xe, the heavy
sterile neutrino contribution is also constrained, and a
bound in the mass-mixing plane can be obtained. Using
the cancellation relation || M, x. = |ny|Myx. and the
values of k, k; , as given in Table I, the active-heavy sterile
neutrino mixing angle V.y corresponding to the GERDA
and GERDA + HDM + IGEX limits [28] is bounded as

MN Mv,Xe 1

men, My xe (1 _%%) ,

|V3N SK

(23)

while for the positive claim [26], it is
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FIG. 7 (color online). Upper bounds of |V2,| that saturate the
limits from GERDA [28]. The different color coding corresponds
to the NME uncertainty. In addition to the bound from (3f),,-
decay, we also show the bounds from different other experiments,
compiled in Ref. [102].
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Note that Egs. (21), (22), (23), and (24) are only valid for
the light and heavy sterile masses smaller and larger than
the exchange momentum scale, |p|~ 100 MeV, respec-
tively. We show the generic equation that is valid for all
mass scales in the Appendix. Following Eq. (23) and the
formalism given in the Appendix, we show in Fig. 7 the
upper bound on the active-heavy sterile mixing |VZ
corresponding to the individual and combined limits of
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half-life from GERDA [28]. The description of the different
color coding is the same as in Fig. 4. The region above the
different contours is excluded by (/38),,-decay. In this figure,
for comparison we also show the bounds coming from other
experiments [102]. Again, comparing Fig. 7 with Fig. 3, one
can see a larger mixing angle V.y required to saturate the
limits on the half-life from (ff),,-decay for the case of
cancellation. For the mass of the heavy sterile neutrino
My ~O(100) MeV, the bound from the beam dump
experiment PS191 [112] is even stronger than the
(Pp)o,-decay one. In the range My ~ (1-2) GeV, the bound
from CHARM [117] can compete with the bound from
(pf)o,-decay. For the positive claim [26], the result is
similar, and we do not show the corresponding region
explicitly.

V. CORRELATION BETWEEN HALF-LIVES

In this section, we extend our discussion of the effects of
cancellations to other isotopes. To this aim, for definiteness,
we investigate how the cancellation between active and
sterile neutrinos in *°Xe would influence the half-life of
other isotopes, such as '"’Mo, '3%Te, and #2Se as well as
76Ge. The ratio of half-lives in two isotopes, isotope A and
isotope B, is

Myxe 2
L) _ G, Mus =30 Muvs)
T(1)72 (B) Gé]/ (MD’A - /\.A//ll;))(; MN,A)2
Using Eq. (25), we show the correlations between half-
lives of 7°Ge — 130Te, 32Se-130Te, 70Ge — 1Mo, and
76Ge — 82Se in Figs. 8 and 9, respectively. We use different

values of the NMEs which correspond to the various lines
in the figures, as specified in the captions. The region

(25)

1x10%

CUORICINO
5% 1025 90 %

T))3(%Se) (yr)

1x10%

5x10%

1102
% IO><IO24

5x10% 1x10%
T)3("Te) (yr)

5x10% 1x10%

Left Panel: Variation of the half-life of 7°Ge with the one of *°Te, assuming a cancellation between light and

heavy neutrino contributions in '36Xe. The region in between the horizontal dashed black lines corresponds to the positive claim
(90% C.L.) [26]. The black solid line correspond to the lower limit of half-life of 7°Ge from GERDA [28]. The combined bound
GERDA -+ HDM + IGEX [28] is shown by the green horizontal line. The gray shaded region is disallowed by the results from GERDA
[28] and CUORICINO experiments [33]. The red and blue lines correspond to the SRQRPA [85] and IBM-2 [123] NME calculations,
while the different numerical values represent the effective mass of light neutrino exchange |m%| in eV. The red dotted-dashed, dashed,
solid, and dotted lines correspond to the NMEs that have been derived using the Argonne and CD-Bonn potentials, respectively. Right
Panel: Variation of half-life of 2Se with the half-life of '3°Te. The color coding is the same as for the left panel.
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FIG. 9 (color online). Left Panel: Variation of the half-life of °Ge with the one of '°Mo, assuming a cancellation between light and
heavy neutrino contributions in '3Xe. The region in between the horizontal dashed black lines corresponds to the positive claim
(90% C.L.) [26]. The black solid line correspond to the lower limit of the half-life of 7°Ge from GERDA [28], and the region below this
line is excluded. The combined bound GERDA + HDM + IGEX [28] is shown by the green horizontal line. The red and blue lines
correspond to the SRQRPA [85] and IBM-2 [123] NME calculations, while the different numerical values represent the effective mass
m¥, in eV. The red dotted-dashed, dashed, solid, and dotted lines correspond to the NMEs that have been derived using the Argonne and
CD-Bonn potentials, respectively. The vertical gray region is the excluded region from the NEMO 3 [34] experiment. Right Panel:
Variation of half-life of 7°Ge with the one of 82Se. The color coding is the same as for the left panel.

within the two horizontal black dashed lines corresponds to  conclude this section by showing the individual prediction
the positive claim (90% C.L.) [26]. The horizontal black  of half-lives of '*°Te and '““Mo in Tables III and IV,
solid line corresponds to the individual limit from GERDA  respectively.

[28], where the region below this line is excluded. We also

show the combiped GERDA + HDM + IGEX limit [28] VI. MODEL-SEESAW REALIZATIONS
by the green horizontal line.

Also in this case, we can express the half-life in terms of As discussed above, the cancellation between light and
the redefined effective mass which depends on the half-life ~ heavy contributions to neutrinoless double beta decay in
T(1)72 (A) and the NMEs as one isotope requires very specific values of neutrino masses

and mixing angles. In this section, we discuss how such

|meff _ me - < |- M, xe M N_A> ’ values can emerge from theoretical models. The most
ce cee : : . :

G&T%z (A) M,%,A My xe Mya natural framework embedding sterile neutrinos is the

Type-I seesaw mechanism. Typically, heavy sterile neu-
(26)  trinos are introduced at or just below the grand unified
theory scale leading to light neutrino masses. If their mass
and similarly for the isotope B. The different numerical is ]arger than few tens of TeV, the contribution in
values shown in the figures represent the required effective (ﬁﬁ)oy—decay would be negligibly small [41,42,44].
mass |mk| in eV for a particular set of half-lives  However, a sterile neutrino can have much smaller masses,

(T (1)72 (A), T ?’72(3)) of the two isotopes. Finally, we  even well below the electroweak scale, e.g., in low energy

TABLE III.  Predictions of the half-life 7%),(***Te) that corresponds to the i) positive claim in 7°Ge, T{, = 2.23703} x 10%
(90% C.L.) [26]; ii) saturates the GERDA; and iii) the GERDA + HDM + IGEX (combined) limits T?’;Z > (2.1,3.0) x 10% yr of half-
life [28], while satisfying the limit of half-life from EXO-200 and KamLAND-Zen [31,32] as an artifact of cancellation between light
and heavy states. We have used the NMEs from Ref. [85]. Following Ref. [101], the phase space factors that have been used are
Go,("°Ge) = 5.77 x 10713, Gy, (1¥Xe) = 3.56 x 107 and G, ('*°Te) = 3.47 x 10714 yr~!.

NME %, (1Te) (10% yr)
Mo, (°Ge)  My("°Ge) My, (*Xe)  My(PXe) Mo, ('Te)  My('*Te)  Positive claim  GERDA  Combined
4.75 232.8 2.29 163.5 4.16 234.1 0.82-1.40 0.997 1.42
5.44 264.9 2.75 159.7 4.18 239.7 80.2-137.97 98.0 140.0
5.11 351.1 2.95 166.7 4.62 364.3 0.10-0.18 0.13 0.18
5.82 411.5 3.36 172.1 4.70 384.5 0.18-0.31 0.22 0.31
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TABLE IV. The same as Table III but for '““Mo. Following Ref. [101], the phase space factors that we have used are
G, (7°Ge) = 5.77 x 1075, G, (13¢Xe) = 3.56 x 1074, and G, ('"°Mo) = 3.89 x 10714 yr~!,

NME 7%, ('°Mo) (10% yr)
Mo, (°Ge)  My("°Ge) M, (30Xe) My (P3Xe) M, ('Mo) My (%Mo)  Positive claim GERDA  Combined
475 232.8 2.29 163.5 4.39 249.8 0.71-1.23 0.87 1.24
5.44 264.9 2.75 159.7 4.79 259.7 1.95-3.35 2.38 3.40
5.11 351.1 2.95 166.7 4.81 388.4 0.07-0.13 0.09 0.13
5.82 411.5 3.36 172.1 5.15 404.3 0.17-0.29 0.20 0.29

seesaw models [124,125]. A lot of attention has been
recently devoted to sterile neutrino states with masses
lighter than TeV scale in (ff8),,-decay in Refs. [41,42,
44-46]. Below we discuss specific models which can
accommodate light as well as heavy sterile neutrinos and
lead to the cancellations we are interested in.

A. Model A—Light active and heavy
sterile neutrinos

We consider first the case in which all sterile neutrinos
are heavy, having masses larger than the momentum
exchange scale |p| ~ 100 MeV, see Sec. IV. A. We con-
sider n generations of sterile neutrinos (N;, ;) denoted in
the flavor basis. In the (v, N.N ') basis, the mass matrix of
active+sterile neutrinos has the following form:

0 o mh
M, = a u m§ , (27)

mp ng Mg

where p and mp are two lepton number violating param-
eters.” Particularly interesting phenomenology arises for

2
the hierarchy mp > mg > mp > p, @ and :Z—Z > u, a which
will lead to the Extended seesaw scenario [52,53]. We
denote the mass basis as (v,,, N, N'). The mass of the sterile

neutrinos N, N’ are obtained by diagonalizing Eq. (27) and
are given by

—— (23)
mpy = mpg. (29)

Let us note that for simplicity we call sterile neutrinos both
the flavor states and the massive states which are mainly in
the sterile neutrino direction. From the inequality mp > myg,
it follows that my: > my. In the following discussion, we
consider the simplest case in which a is negligibly small.

*Depending on the choice of the lepton number assignment for
the N, N’ fields, different parameters in the mass matrix will be
lepton number violating. Here, we adopt a common choice in
which mp, mg, and my are large masses and p is very small.

The mass matrix of the active neutrino depends on the small
lepton number violating parameter y and is

m,, = mp,(mg)~ u(ms) = mp. (30)

Depending on the values of ’;—LS’ and u, light neutrino of eV

mass can be obtained. The mixings of sterile neutrinos N
and N’ with active neutrinos are

Uen = (mp(ms") ey, (31)

UeN’ = (mgm[_el)eN" (32)

Note that, while the light neutrino mass depends on the
lepton number violating parameter u, the active-sterile
neutrino mixing is independent of this parameter to leading
order. Hence, in this case, one can have large active-sterile
neutrino mixing while neutrino masses are kept small
thanks to the y parameter.

This seesaw scenario has been explored previously in
Refs. [52,53]. In this work, we are interested to study if
the heavy neutrinos in this model can satisfy the can-
cellation conditions and give large contributions in
(pP),,-decay, thanks to not-too-large masses and large
mixings [42]. For simplicity, we drop the active and
sterile neutrino indices and focus on the order of magni-
tude of the parameters of the mass matrix. Interesting
flavor effects could be present, but they are beyond the
scope of the present analysis. For heavy sterile neutrinos
of masses my, my > 100 MeV, the amplitudes corre-
sponding to the N and N’ contributions to (ff),,-decay
are [42,44]

U2 m2

|AN|—‘ o ~‘ " | (33)
mN mSmN
U2, m2

|AN/:\ o ~] | (34)
mN' mRmN/

As mp > myg, the role of N’ is suppressed both by the
large mass and small mixing, and we neglect it with
respect to N in the following discussion.

Including the contributions from light neutrinos and the
sterile state N, the half-life of neutrinoless double beta
decay for a particular isotope A is given by
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Variation of mg and the mass m,y of the sterile neutrino N vs y for mp = 3 x 10° GeV and mj, = 0.1 GeV. The

gray shaded region is disallowed from GERDA experiment. The brown line corresponds to the cancellation condition between the light
active and heavy sterile neutrinos. The red and blue lines correspond to the half-life of GERDA and GERDA + HDM + IGEX limits [28].

1 |my |2 m2 2
~ G | - M2, + md| 2| M
Ov ~ Moy 2 v,A p 2 N.A
Tl/Z(A) me mgmy
v Il mim
D
+2cosa| —=|| | M,aMp 4 | (35)
me mSmN

Again, for definiteness, we consider the case in which a
cancellation is operative for '3*Xe isotope and find its
implication for 7°Ge. Using the cancellation condition
In, M, xe = [y My xe, we get the following relation
between different parameters:

u (mp\? mp\2mympg
— <—D> My,Xe = <_D> P P MN,Xev (36)
me \ nig mg mS
which simplifies to
mg\ ( My xe
el _— . . 37
g (m??) <Mv,Xe>memP ( )
Using the definition p%, = —m.m, (//\\44”)’::), we get u=

(BIPel = [PXel/my. We  recall that my > \/|pi.|,
implying that u < my in agreement with the original
assumption of the hierarchy of the neutrino mass parameters.
Taking the typical range for my given by 100 MeV-
10° GeV, we find that the y parameter will be typically
small, yz ~0.1-1078 GeV, as originally assumed.

Using the above Eqs. (35) and (37), we can express the

lepton number violating parameter y as a function of the
half-life time of 7°Ge: |

my In (mNz/M%-I)

P 1 m_%{(Slen (my? /M%)

(4rv)? 2 my?/M% — 1 my? /M3, — 1

>C0529 N (3mN/ In (mlz\,,/M%)

L me :
my, GOG;T(I)I72(76G6) (MD.GC - M}\;.Xe

Below we discuss the different constraints on the
parameters of the model, that satisfy the cancellation in
136X e and the lower limit of the half-life from GERDA [28].
In the left panel of Fig. 10, the blue and red lines represent
the variation of mg with the lepton number violating
parameter u for representative values of the parameters,
mg = 3 x 10° GeV, m, = 0.1 GeV, that saturate the indi-
vidual and combined limits from GERDA [28]. We have
used the NMEs M, ("®Ge) =5.82 and My(*Ge) =
411.5 [85] that correspond to the CD-Bonn potential
between two nucleons. The gray region below this line
is not allowed. The brown line corresponds to Eq. (37) and
satisfies the cancellation in '3*Xe for the NMEs
M, (13Xe) =3.36 and My (*Xe) =172.1 [85]. For
the positive claim [26], the variation of myg is similar,
and we do not show it explicitly. In the right panel of
Fig. 10, we show the corresponding variation of the
physical mass my of the sterile neutrino N. The intersection
of the blue line, red line, and brown line represents the point
in the parameter space where the active neutrino, together
with the heavy sterile neutrinos, can simultaneously satu-
rate the bounds from GERDA and GERDA + HDM +
IGEX [28], as well as the bound from EXO-200,
KamLAND-Zen, and the combined one [31,32]. The light
neutrino mass in the intersection region is m, ~ 0.66 eV.

In principle, one can also consider the limit y — O.
Although light neutrinos would be massless at tree level, a
nonzero mass is generated at loop level. The finite one-loop
correction to the light neutrino mass for this model has been
computed in Ref. [44],

my In (mlzv//M%i))sinzﬁ}

(39)
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where 6 is the mixing angle between the sterile states N
and N/,

mR_ﬂ+\/4m§+<mR_/")2

tand =
an 2mg

(40)

For y = 0, the cancellation between light active and heavy
sterile state leads to the following relation:

M m2 m
Sm, =X = =D P A (41)
l”’le mS mN

Using Eq. (16), and the NMEs given above, om, ~
0.66 eV is required to satisfy the individual limit from
GERDA [28]. As for the previous case, it is possible to
identify the range of parameters that satisfies the cancella-
tion condition and the constraints from GERDA [28]. Here,
we present a simple numerical example: mg = 108 GeV,
while mj = 0.75 GeV, mg = 6.73 x 10° GeV. In this
case, the masses of the two sterile neutrinos are my ~
0.45 GeV and m, ~ 10® GeV. For this choice of param-
eters, both the cancellation condition Eq. (41) and the
required value of light neutrino mass ém, = 0.66 eV to
saturate the limit from GERDA [28] can be achieved. A
similar discussion holds for the positive claim [26].

B. Model B—Light and heavy sterile neutrino

We discuss the simplest seesaw realization which can
accommodate one light and one heavy sterile neutrino
and the cancellation in (f),,-decay, corresponding to the
discussion of Sec. IV B. This can be achieved using the
mass matrix presented in Eq. (27) of the previous section
with the addition of a Type-II seesaw mass term of light
neutrinos. For simplicity, we consider that the Majorana
mass matrix of the two sterile neutrinos is diagonal. We
denote the sterile neutrinos as N and N’ in this basis. The
neutrino mass matrix in this basis is

ma & l’;lD
M=|a u o |. (42)
ﬁlD 0 mpg

For the sterile neutrino masses mg, u > a, np,my, the
light neutrino mass term and its mixing with the sterile
neutrino are

=2 =2
my:mA—a——@, (43)
Hoomg
and
Uy + N+ RN (44)
H mpg

The other two sterile neutrino masses are y and myg,
respectively. For 4 and mpy to be smaller and larger than
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the momentum exchange scale, the total contribution in

(BB)o,-decay is

1 a \ M, mhm 2
=G o) eI gl (45
T(l)l;z Ov <mzx + qu Iu) m, m]ze my N ( )

To discuss the simplified constraints on the parameter
. 52 . .
space, we consider the case where m, < % which requires

additional fine-tuning between the different terms in
Eq. (43). If this is the case, then the cancellation between
the light sterile and heavy sterile contribution for '3°Xe
gives the following condition:

> (M 1
w3 = @ Tk (—X> — (46)
myn

In addition, we consider that the light and heavy sterile
contributions satisfy the bounds for 7°Ge or the positive
claim [26]. Using Eq. (45), we get
~ um, 1
@ M 0v_(76 Ge
\/(MU,GC —Mox My ce)? \/Tllfz( Ge)Gyy)
(47)

In this case, the bound from '3°Xe is possible to escape.
As an example, we consider the sterile neutrino masses
1 =0.01 GeV and mp = 1 GeV and the different nuclear
matrix elements given in the previous section. For the
choice of parameters & = 2.54 x 107% GeV and 7 =
1.61 x 10~* GeV, the positive claim [26] as well as the
cancellation condition are possible to satisfy. In this case,
the sterile neutrino contribution to the neutrino mass matrix
would be 26.85 eV. Hence, the amount of fine-tuning that
is required in this case to obtain m, ~ 0.1 eV is of similar
order, which can be achieved by adjusting m, . Note that the
contribution from the Higgs triplet in (ff),,-decay depends
on the Higgs triplet mass. For very large mass of the Higgs
triplet, their contribution will be negligibly small and can
safely be avoided.

VII. CONCLUSION

In light of recent experimental results, in this work, we
have carefully analyzed the effect of interference in
(P)g,-decay. Most studies assume that the light
Majorana neutrino exchange is the dominant mechanism
mediating this process. However, any beyond-the-
Standard-Model framework, which is required to generate
light Majorana neutrino masses, will also induce neutrino-
less double beta decay directly due to its lepton number
violating parameters and could give a relevant contribution.
If the different contributions are sizable, they can interfere
either constructively or destructively. For definiteness, we
consider the case of heavy sterile neutrinos with masses
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larger than the momentum exchange, |p| ~ 100 MeV, and
light sterile neutrinos. If their masses are smaller than TeV
scale and if their mixings with the electron neutrinos are
sizable, they can saturate the current bounds of half-
life [42].

If a complete cancellation is at work, the half-life of
136Xe is infinite, and any constraint on it would be
automatically satisfied, independently from the results
for other isotopes. Because of the different nuclear matrix
elements, only a partial interference will be present for
other nuclei. As an example, motivated by the not-yet-
completely-excluded claim of (ff),,-decay in "°Ge, we
have studied the predictions in detail for the half-life in this
isotope and the correlations with other nuclei.

A large value of the effective mass m%, ~ O(0.1) eV is
required to satisfy the positive claim [26] or to saturate the
current bounds from (ff),,-decay experiments. For the case
in which only three light active neutrinos are present, their
masses are required to be in the quasi-degenerate regime.
However, this possibility is strongly constrained by the
stringent bounds from cosmology. If the cancellation between
light and heavy neutrino exchange is at work, the redefined
effective Majorana mass gets suppressed. Or in other words, a
larger value of the true effective mass mg, (0.66 €V to 1.67 eV
will saturate GERDA for SRQRPA calculation) is required
to have the same half-life. Hence, bigger values of neutrino
masses are needed. As a result, if the redefined effective
mass saturates the limits from (/3f),,,-decay, the tension with
cosmological data becomes even more severe. In the next
few years, quasi-degenerate values of neutrino masses will
be tested by the f-decay experiment KATRIN [89], provid-
ing additional constraints on this possibility.

The tension with cosmology can be weakened if we also
consider light sterile neutrinos. Depending on the mass and
mixing, light sterile neutrinos can give a large contribution
in (ff),,-decay and can even saturate current limits. On the
other hand, the bounds from cosmology are relevant only if
their masses are in the eV range for the values of mixing
angles of interest. Neutrinoless double beta decay turns out
to be the most sensitive probe of these sterile neutrinos. For
masses in the range 10 eV-100 KeV, the bounds from beta
decay experiments are weaker than that of (f),-decay by
a factor of U% ~O(10-100). For sterile neutrinos of
O(100) MeV masses, the constraints from the peak search
in 7 — ev and the beam dump experiment PS191 reach a
similar sensitivity as (ff),,-decay. In the presence of
cancellations, a larger value of the active-sterile mixing
angle is required to obtain the same value of the half-life.
Hence, the bounds from experiments, such as beta decays,
z — ev, PS191, and even CHARM become competitive
with (pf),,-decay, making it easier to test the parameters
required for a cancellation.

A direct test of destructive interference, being at work
in a certain nuclei, will be given by the measurement of
the half-life in several isotopes [85-88]. In the case under
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study, the cancellation between light active/sterile and
heavy sterile neutrino exchange in '3*Xe will lead to a
definite prediction of the half-lives of other isotopes. If we
take mY, ~ (0.5-1) eV, depending on the choice of NME,
the predicted half-life in '3°Te, Mo, and #2Se can vary
over a wide range and may be constrained by CUORICINO
[33] and NEMO 3 [34]. However, if we consider smaller
mY,, more sensitive experiments are needed, and the
searches for (f),,-decay will be even more challenging
than in the case of light neutrino mass only.

The existence of heavy and/or light sterile neutrinos can
be easily implemented in seesaw scenarios, such as Type-1,
extended, or Type-I+Type-II seesaw, in which the cancel-
lation between light and heavy neutrino exchanges can be
realized. In these models, light neutrino masses can be
generated either at tree or loop level. An Extended seesaw
scenario allows for a sterile neutrino in the 100 MeV mass
range while having sufficiently large mixing angles with
electron neutrinos and a cancellation between a light active
and heavy sterile neutrino contribution. The case in which
both light and heavy sterile neutrinos are at play can be
realized in a further extension of the model above in which
a light neutrino mass come from a Type-II seesaw frame-
work. In all of the cases, very precise values of masses and
mixings are needed to induce a cancellation and require a
high level of fine-tuning.
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APPENDIX

We consider n; generations of light sterile neutrinos of
masses my, (k=1,2,..n;) and n, generations of heavy
sterile neutrinos of masses M N, (j =1,2,...ny). The active-
light and active-heavy sterile mixings are Ug, and Ven,s
respectively. The half-life of neutrinoless double beta decay 1s

1
TOD

1/2

= G0u|Mu7]u + MN"]N|2’

(A1)

where G, is the phase space factor, M, and M are the
nuclear matrix elements corresponding to the light and heavy
neutrino exchange. In the limit when the mass of the sterile
neutrinos are far from the intermediate momentum exchange,
ie., mj < |p*[MeV? and M}, > |p*|MeV?, the factors 7,

Z»m<U2i+Ekm4 U? VzN‘mp
and gy are g, = —————*and gy = ), W where
J

me
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we include the contributions from light active, light sterile, as
well as heavy sterile neutrinos. An equivalent way of
description is

1 mU% +my U2, Voy |?
_TO” - Ov B - M . (AZ)
1/2 p N;

In the above, the indices i, j, k are summed over, p> =
—mem, % and K, = Gp,(m,My)?*. The generic expres-
sion that is valid even for the mass range mj = |p*[MeV?
and M}, = |p*[MeV? is the following:

2

! , (A3)

TV,

m

D —m?

92

= KOI./

where 6 is the mixing angle and m is the mass of
corresponding neutrino state. Following this, we have the
generic expression

2 2 2

1 Uzm;  Ugmy  Vey My, Al

TOv Ov 2 2_ 2 2 _ 2 ( )
1/2 P pT—my p N,

In the limit that light and heavy sterile neutrinos have masses
far from momentum exchange scale, one will obtain Eq. (A2).
For concreteness, we consider the case of one light sterile
neutrino and one heavy sterile neutrino with masses m4 and
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M y, respectively. If the light and heavy neutrino contributions
cancel each other in isotope A, then the half-life T?’;z(A) is
infinite, and we have

[VexMy| _ |Usm;
Ipil+ M5 | |pil

Uzma
P&l +mj

(AS)

The expression simplifies considerably, if we neglect the three
light active neutrino contribution. In addition, If the light
sterile and heavy sterile neutrino contribution saturate the
bound or claimed value of half-life T?’;Z(B) of any other
isotope B, then the contour of the active-light sterile neutrino
mixing is

my 1

KET.0) ( e (

202 _
|Ue4| - 1
Ipgl+m;  |p3l+m] | pg M3,

A6)

Using Eq. (AS), the contours for active-heavy sterile neutrino
mixing can be obtained:

-2
|V2 2 _ My 1
5 .
NUTKBTY B) (1 _ 1 _Inlm)?
vt 1/2 T T 102 2
lpgl+My  |pRI+My [pgl+m;

(A7)

These generic equations can be applied for, e.g., **Xe, °Ge,
or for any other isotopes.

[1] S.M. Bilenky and S. T. Petcov, Rev. Mod. Phys. 59, 671
(1987).

[2] S.P. Mikheyev and A.Y. Smirnov, Prog. Part. Nucl. Phys.
23, 41 (1989).

[3] G. Gelmini and E. Roulet, Rep. Prog. Phys. 58, 1207 (1995).

[4] M. C. Gonzalez-Garcia and Y. Nir, Rev. Mod. Phys. 75,
345 (2003).

[5] R.N. Mohapatra and A.Y. Smirnov, Annu. Rev. Nucl.
Part. Sci. 56, 569 (2006).

[6] A. Strumia and F. Vissani, arXiv:hep-ph/0606054.

[7] B.T. Cleveland, T. Daily, R. Davis, Jr., J.R. Distel, K.
Lande, C.K. Lee, P.S. Wildenhain, and J. Ullman, As-
trophys. J. 496, 505 (1998); J. N. Abdurashitov et al. (SAGE
Collaboration), Zh. Eksp. Teor. Fiz. 122, 211 (2002); [J.
Exp. Theor. Phys. 95, 181 (2002)]; W. Hampel et al
(GALLEX Collaboration), Phys. Lett. B 447, 127 (1999);
S. Fukuda et al (Super-Kamiokande Collaboration),
Phys. Lett. B 539, 179 (2002); B. Aharmim et al. (SNO
Collaboration), Phys. Rev. C 72, 055502 (2005); B.
Collaboration, Phys. Lett. B 658, 101 (2008); B. Aharmim
et al. (SNO Collaboration), Phys. Rev. C 81, 055504 (2010).

[8] K. Eguchi et al. (KamLAND Collaboration), Phys. Rev.
Lett. 90, 021802 (2003); T. Araki et al. (KamLAND

Collaboration), Phys. Rev. Lett. 94, 081801 (2005);
A. Gando et al. (KamLAND Collaboration), Phys. Rev.
D 83, 052002 (2011).

[91 Y. Fukuda et al. (Super-Kamiokande Collaboration),
Phys. Rev. Lett. 81, 1562 (1998); Y. Ashie et al
(Super-Kamiokande Collaboration), Phys. Rev. D 71,
112005 (2005); R. Wendell et al. (Kamiokande Collabo-
ration), Phys. Rev. D 81, 092004 (2010).

[10] E. Aliu et al. (K2K Collaboration), Phys. Rev. Lett. 94,
081802 (2005); M.H. Ahn et al. (K2K Collaboration),
Phys. Rev. D 74, 072003 (2006).

[11] K. Abe et al. (T2K Collaboration), Phys. Rev. Lett. 107,
041801 (2011).

[12] P. Adamson et al. (MINOS Collaboration), Phys. Rev. Lett.
106, 181801 (2011).

[13] M. Apollonio et al., Eur. Phys. J. C 27, 331 (2003).

[14] M. Maltoni, T. Schwetz, M. A. Tortola, and J. W. F. Valle,
New J. Phys. 6, 122 (2004); S. Goswami, A. Bandyopadhyay,
and S. Choubey, Nucl. Phys. B, Proc. Suppl. 143, 121 (2005);
A. Bandyopadhyay, S. Choubey, S. Goswami, S. T. Petcov,
and D. P. Roy, Phys. Lett. B 608, 115 (2005); G. L. Fogli,
E. Lisi, A. Marrone, A. Palazzo, and A. M. Rotunno, Phys.
Rev. Lett. 101, 141801 (2008); M. C. Gonzalez-Garcia,

093005-16


http://dx.doi.org/10.1103/RevModPhys.59.671
http://dx.doi.org/10.1103/RevModPhys.59.671
http://dx.doi.org/10.1016/0146-6410(89)90008-2
http://dx.doi.org/10.1016/0146-6410(89)90008-2
http://dx.doi.org/10.1088/0034-4885/58/10/002
http://dx.doi.org/10.1103/RevModPhys.75.345
http://dx.doi.org/10.1103/RevModPhys.75.345
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140534
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140534
http://arXiv.org/abs/hep-ph/0606054
http://dx.doi.org/10.1086/305343
http://dx.doi.org/10.1086/305343
http://dx.doi.org/10.1134/1.1506424
http://dx.doi.org/10.1134/1.1506424
http://dx.doi.org/10.1016/S0370-2693(98)01579-2
http://dx.doi.org/10.1016/S0370-2693(02)02090-7
http://dx.doi.org/10.1103/PhysRevC.72.055502
http://dx.doi.org/10.1016/j.physletb.2007.09.054
http://dx.doi.org/10.1103/PhysRevC.81.055504
http://dx.doi.org/10.1103/PhysRevLett.90.021802
http://dx.doi.org/10.1103/PhysRevLett.90.021802
http://dx.doi.org/10.1103/PhysRevLett.94.081801
http://dx.doi.org/10.1103/PhysRevD.83.052002
http://dx.doi.org/10.1103/PhysRevD.83.052002
http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://dx.doi.org/10.1103/PhysRevD.71.112005
http://dx.doi.org/10.1103/PhysRevD.71.112005
http://dx.doi.org/10.1103/PhysRevD.81.092004
http://dx.doi.org/10.1103/PhysRevLett.94.081802
http://dx.doi.org/10.1103/PhysRevLett.94.081802
http://dx.doi.org/10.1103/PhysRevD.74.072003
http://dx.doi.org/10.1103/PhysRevLett.107.041801
http://dx.doi.org/10.1103/PhysRevLett.107.041801
http://dx.doi.org/10.1103/PhysRevLett.106.181801
http://dx.doi.org/10.1103/PhysRevLett.106.181801
http://dx.doi.org/10.1140/epjc/s2002-01127-9
http://dx.doi.org/10.1088/1367-2630/6/1/122
http://dx.doi.org/10.1016/j.nuclphysbps.2005.01.096
http://dx.doi.org/10.1016/j.physletb.2004.12.079
http://dx.doi.org/10.1103/PhysRevLett.101.141801
http://dx.doi.org/10.1103/PhysRevLett.101.141801

EFFECT OF CANCELLATION IN NEUTRINOLESS DOUBLE ...

M. Maltoni, and J. Salvado, J. High Energy Phys. 04 (2010)
056.

[15] M.C. Gonzalez-Garcia, M. Maltoni, J. Salvado, and
T. Schwetz, J. High Energy Phys. 12 (2012) 123.

[16] G.L. Fogli, E. Lisi, A. Marrone, A. Palazzo, and A. M.
Rotunno, Phys. Rev. D 84, 053007 (2011).

[17] G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, A.
Palazzo, and A. M. Rotunno, Phys. Rev. D 86, 013012
(2012).

[18] J. K. Ahn et al. (RENO Collaboration), Phys. Rev. Lett.
108, 191802 (2012).

[19] E.P. An et al. (Daya Bay Collaboration), Phys. Rev. Lett.
108, 171803 (2012); F.P. An et al. (Daya Bay Collabo-
ration), Chin. Phys. C 37, 011001 (2013).

[20] Y. Abe et al. (Double Chooz Collaboration), Phys. Lett. B
723, 66 (2013).

[21] O. Cremonesi, Nucl. Phys. B, Proc. Suppl. 118, 287
(2003); Int. J. Mod. Phys. A 21, 1887 (2006); arXiv:
1002.1437.

[22] S.R. Elliott and P. Vogel, Annu. Rev. Nucl. Part. Sci. 52,
115 (2002); P. Vogel, arXiv:hep-ph/0611243.

[23] S.M. Bilenky, Phys. Part. Nucl. 41, 690 (2010).

[24] W. Rodejohann, Int. J. Mod. Phys. E 20, 1833 (2011);
J. Phys. G 39, 124008 (2012).

[25] H. V. Klapdor-Kleingrothaus, I. V. Krivosheina, A. Dietz,
and O. Chkvorets, Phys. Lett. B 586, 198 (2004).

[26] H. V. Klapdor-Kleingrothaus and I. V. Krivosheina, Mod.
Phys. Lett. A 21, 1547 (2006).

[27] I. Abt et al., arXiv:hep-ex/0404039; S. Schonert et al.
(GERDA Collaboration), Nucl. Phys. B, Proc. Suppl. 145,
242 (2005).

[28] M. Agostini et al. (GERDA Collaboration), Phys. Rev.
Lett. 111, 122503 (2013).

[29] H. V. Klapdor-Kleingrothaus et al., Eur. Phys. J. A 12, 147
(2001).

[30] C.E. Aalseth et al. (IGEX Collaboration), Phys. Rev. D 65,
092007 (2002); C.E. Aalseth et al., Phys. Rev. D 70,
078302 (2004).

[31] A. Gando et al. (KamLAND-Zen Collaboration), Phys.
Rev. Lett. 110, 062502 (2013).

[32] M. Auger et al. (EXO Collaboration), Phys. Rev. Lett. 109,
032505 (2012).

[33] E. Andreotti et al., Astropart. Phys. 34, 822 (2011).

[34] A.S. Barabash, and V. B. Brudanin, Phys. At. Nucl. 74,
312 (2011).

[35] G. Racah, Nuovo Cim. 14, 322 (1937); W.H. Furry,
Phys. Rev. 56, 1184 (1939).

[36] S.M. Bilenky, S. Pascoli, and S. T. Petcov, Phys. Rev. D
64, 053010 (2001); S. Pascoli and S. T. Petcov, Phys. Lett.
B 544, 239 (2002); S. Pascoli, S.T. Petcov, and T.
Schwetz, Nucl. Phys. B734, 24 (2006); S. Pascoli, S. T.
Petcov, and W. Rodejohann, Phys. Lett. B 549, 177
(2002).

[37] V. Barger, S.L. Glashow, P. Langacker, and D. Marfatia,
Phys. Lett. B 540, 247 (2002).

[38] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979); F. Wilczek
and A. Zee, Phys. Rev. Lett. 43, 1571 (1979).

[39] G. Feinberg and M. Goldhaber, Proc. Natl. Acad. Sci.
U.S.A. 45, 1301 (1959); B. Pontecorvo, Phys. Lett. 26B,
630 (1968).

PHYSICAL REVIEW D 90, 093005 (2014)

[40] P. Benes, A. Faessler, F. Simkovic, and S. Kovalenko,
Phys. Rev. D 71, 077901 (2005).

[41] A. Ibarra, E. Molinaro, and S.T. Petcov, J. High Energy
Phys. 09 (2010) 108.

[42] M. Mitra, G. Senjanovic, and F. Vissani, Nucl. Phys. B856,
26 (2012).

[43] M. Mitra, G. Senjanovic, and F. Vissani, arXiv:1205.3867.

[44] J. Lopez-Pavon, S. Pascoli, and C.-f. Wong, Phys. Rev. D
87, 093007 (2013).

[45] M. Blennow, E. Fernandez-Martinez, J. Lopez-Pavon, and
J. Menendez, J. High Energy Phys. 07 (2010) 096.

[46] 1. Girardi, A. Meroni, and S.T. Petcov, J. High Energy
Phys. 11 (2013) 146.

[47] F. L. Bezrukov, Phys. Rev. D 72, 071303 (2005); T. Asaka,
S. Eijima, and H. Ishida, J. High Energy Phys. 04 (2011)
011; T. Asaka and S. Eijima, Prog. Theor. Exp. Phys. 2013,
113B02 (2013).

[48] P. Minkowski, Phys. Lett. 67B, 421 (1977).

[49] R. N. Mohapatra and G. Senjanovi¢, Phys. Rev. Lett. 44,
912 (1980).

[50] T.T. Yanagida, in Proceedings of the Workshop on the
Unified Theory and the Baryon Number in the Universe,
KEK report KEK-79-18, edited by O. Sawada and A.
Sugamoto (KEK, Tsukuba, Japan, 1979), p. 95.

[51] M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity,
edited by P. van Nieuwenhuizen et al. (North Holland,
Amsterdam, 1980).

[52] S. K. Kang and C. S. Kim, Phys. Lett. B 646, 248 (2007);
H. Sung Cheon, S.K. Kang, and C.S. Kim, J. Cosmol.
Astropart. Phys. 05 (2008) 004; H. Sung Cheon, S.K.
Kang, and C.S. Kim, J. Cosmol. Astropart. Phys. 03
(2011) EO1.

[53] S. K. Majee, M. K. Parida, and A. Raychaudhuri, Phys. Lett.
B 668, 299 (2008); M. K. Parida and A. Raychaudhuri,
Phys. Rev. D 82, 093017 (2010).

[54] R.N. Mohapatra, Phys. Rev. Lett. 56, 561 (1986); R. N.
Mohapatra and J. W.E. Valle, Phys. Rev. D 34, 1642
(1986).

[55] D. Wyler and L. Wolfenstein, Nucl. Phys. B218, 205
(1983); E. Witten, Nucl. Phys. B268, 79 (1986).

[56] J.L. Hewett and T. G. Rizzo, Phys. Rep. 183, 193 (1989).

[57] P.S.B. Dev and R.N. Mohapatra, Phys. Rev. D 81,
013001 (2010); S. Blanchet, P.S.B. Dev, and R.N.
Mohapatra, Phys. Rev. D 82, 115025 (2010).

[58] A.Tlakovac and A. Pilaftsis, Nucl. Phys. B437, 491 (1995);
F. Deppisch and J. W. F. Valle, Phys. Rev. D 72, 036001
(2005); C. Arina, F. Bazzocchi, N. Fornengo, J. C. Romao,
and J. W.F. Valle, Phys. Rev. Lett. 101, 161802 (2008); M.
Malinsky, T. Ohlsson, Z.-z. Xing, and H. Zhang, Phys.
Lett. B 679, 242 (2009); M. Hirsch, T. Kernreiter, J. C.
Romao, and A. Villanova del Moral, J. High Energy Phys.
01 (2010) 103; F. Deppisch, T.S. Kosmas, and J. W.F.
Valle, Nucl. Phys. B752, 80 (2006).

[59] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N.
Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975); G.
Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502
(1975).

[60] V. Tello, M. Nemevsek, F. Nesti, G. Senjanovi¢, and
F. Vissani, Phys. Rev. Lett. 106, 151801 (2011).

[61] M. Nemevsek et al., arXiv:1112.3061.

093005-17


http://dx.doi.org/10.1007/JHEP04(2010)056
http://dx.doi.org/10.1007/JHEP04(2010)056
http://dx.doi.org/10.1007/JHEP12(2012)123
http://dx.doi.org/10.1103/PhysRevD.84.053007
http://dx.doi.org/10.1103/PhysRevD.86.013012
http://dx.doi.org/10.1103/PhysRevD.86.013012
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://dx.doi.org/10.1088/1674-1137/37/1/011001
http://dx.doi.org/10.1016/j.physletb.2013.04.050
http://dx.doi.org/10.1016/j.physletb.2013.04.050
http://dx.doi.org/10.1016/S0920-5632(03)01331-8
http://dx.doi.org/10.1016/S0920-5632(03)01331-8
http://dx.doi.org/10.1142/S0217751X06032848
http://arXiv.org/abs/1002.1437
http://arXiv.org/abs/1002.1437
http://dx.doi.org/10.1146/annurev.nucl.52.050102.090641
http://dx.doi.org/10.1146/annurev.nucl.52.050102.090641
http://arXiv.org/abs/hep-ph/0611243
http://dx.doi.org/10.1134/S1063779610050035
http://dx.doi.org/10.1142/S0218301311020186
http://dx.doi.org/10.1088/0954-3899/39/12/124008
http://dx.doi.org/10.1016/j.physletb.2004.02.025
http://dx.doi.org/10.1142/S0217732306020937
http://dx.doi.org/10.1142/S0217732306020937
http://arXiv.org/abs/hep-ex/0404039
http://dx.doi.org/10.1016/j.nuclphysbps.2005.04.014
http://dx.doi.org/10.1016/j.nuclphysbps.2005.04.014
http://dx.doi.org/10.1103/PhysRevLett.111.122503
http://dx.doi.org/10.1103/PhysRevLett.111.122503
http://dx.doi.org/10.1007/s100500170022
http://dx.doi.org/10.1007/s100500170022
http://dx.doi.org/10.1103/PhysRevD.65.092007
http://dx.doi.org/10.1103/PhysRevD.65.092007
http://dx.doi.org/10.1103/PhysRevD.70.078302
http://dx.doi.org/10.1103/PhysRevD.70.078302
http://dx.doi.org/10.1103/PhysRevLett.110.062502
http://dx.doi.org/10.1103/PhysRevLett.110.062502
http://dx.doi.org/10.1103/PhysRevLett.109.032505
http://dx.doi.org/10.1103/PhysRevLett.109.032505
http://dx.doi.org/10.1016/j.astropartphys.2011.02.002
http://dx.doi.org/10.1134/S1063778811020062
http://dx.doi.org/10.1134/S1063778811020062
http://dx.doi.org/10.1007/BF02961321
http://dx.doi.org/10.1103/PhysRev.56.1184
http://dx.doi.org/10.1103/PhysRevD.64.053010
http://dx.doi.org/10.1103/PhysRevD.64.053010
http://dx.doi.org/10.1016/S0370-2693(02)02510-8
http://dx.doi.org/10.1016/S0370-2693(02)02510-8
http://dx.doi.org/10.1016/j.nuclphysb.2005.11.003
http://dx.doi.org/10.1016/S0370-2693(02)02852-6
http://dx.doi.org/10.1016/S0370-2693(02)02852-6
http://dx.doi.org/10.1016/S0370-2693(02)02177-9
http://dx.doi.org/10.1103/PhysRevLett.43.1566
http://dx.doi.org/10.1103/PhysRevLett.43.1571
http://dx.doi.org/10.1073/pnas.45.8.1301
http://dx.doi.org/10.1073/pnas.45.8.1301
http://dx.doi.org/10.1016/0370-2693(68)90437-1
http://dx.doi.org/10.1016/0370-2693(68)90437-1
http://dx.doi.org/10.1103/PhysRevD.71.077901
http://dx.doi.org/10.1007/JHEP09(2010)108
http://dx.doi.org/10.1007/JHEP09(2010)108
http://dx.doi.org/10.1016/j.nuclphysb.2011.10.035
http://dx.doi.org/10.1016/j.nuclphysb.2011.10.035
http://arXiv.org/abs/1205.3867
http://dx.doi.org/10.1103/PhysRevD.87.093007
http://dx.doi.org/10.1103/PhysRevD.87.093007
http://dx.doi.org/10.1007/JHEP07(2010)096
http://dx.doi.org/10.1007/JHEP11(2013)146
http://dx.doi.org/10.1007/JHEP11(2013)146
http://dx.doi.org/10.1103/PhysRevD.72.071303
http://dx.doi.org/10.1007/JHEP04(2011)011
http://dx.doi.org/10.1007/JHEP04(2011)011
http://dx.doi.org/10.1093/ptep/ptt094
http://dx.doi.org/10.1093/ptep/ptt094
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1016/j.physletb.2006.12.071
http://dx.doi.org/10.1088/1475-7516/2008/05/004
http://dx.doi.org/10.1088/1475-7516/2008/05/004
http://dx.doi.org/10.1088/1475-7516/2011/03/E01
http://dx.doi.org/10.1088/1475-7516/2011/03/E01
http://dx.doi.org/10.1016/j.physletb.2008.08.048
http://dx.doi.org/10.1016/j.physletb.2008.08.048
http://dx.doi.org/10.1103/PhysRevD.82.093017
http://dx.doi.org/10.1103/PhysRevLett.56.561
http://dx.doi.org/10.1103/PhysRevD.34.1642
http://dx.doi.org/10.1103/PhysRevD.34.1642
http://dx.doi.org/10.1016/0550-3213(83)90482-0
http://dx.doi.org/10.1016/0550-3213(83)90482-0
http://dx.doi.org/10.1016/0550-3213(86)90202-6
http://dx.doi.org/10.1016/0370-1573(89)90071-9
http://dx.doi.org/10.1103/PhysRevD.81.013001
http://dx.doi.org/10.1103/PhysRevD.81.013001
http://dx.doi.org/10.1103/PhysRevD.82.115025
http://dx.doi.org/10.1016/0550-3213(94)00567-X
http://dx.doi.org/10.1103/PhysRevD.72.036001
http://dx.doi.org/10.1103/PhysRevD.72.036001
http://dx.doi.org/10.1103/PhysRevLett.101.161802
http://dx.doi.org/10.1016/j.physletb.2009.07.038
http://dx.doi.org/10.1016/j.physletb.2009.07.038
http://dx.doi.org/10.1007/JHEP01(2010)103
http://dx.doi.org/10.1007/JHEP01(2010)103
http://dx.doi.org/10.1016/j.nuclphysb.2006.06.032
http://dx.doi.org/10.1103/PhysRevD.10.275
http://dx.doi.org/10.1103/PhysRevD.11.2558
http://dx.doi.org/10.1103/PhysRevD.12.1502
http://dx.doi.org/10.1103/PhysRevD.12.1502
http://dx.doi.org/10.1103/PhysRevLett.106.151801
http://arXiv.org/abs/1112.3061

SILVIA PASCOLI, MANIMALA MITRA, AND STEVEN WONG

[62] J. Chakrabortty, H.Z. Devi, S. Goswami, and S. Patra,
J. High Energy Phys. 08 (2012) 008.

[63] J. Barry and W. Rodejohann, J. High Energy Phys. 09
(2013) 153.

[64] P.S. Bhupal Dev, S. Goswami, M. Mitra, and W.
Rodejohann, Phys. Rev. D 88, 091301 (2013).

[65] W.-C. Huang and J. Lopez-Pavon, Eur. Phys. J. C 74, 2853
(2014).

[66] P.S.B. Dev, C.-H. Lee, and R. N. Mohapatra, Phys. Rev. D
88, 093010 (2013).

[67] R.N. Mohapatra, Phys. Rev. D 34, 3457 (1986).

[68] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 75, 2276
(1995).

[69] J. D. Vergados, Phys. Rev. D 25,914 (1982); S. Bergmann,
H. V. Klapdor-Kleingrothaus, and H. Pas, Phys. Rev. D 62,
113002 (2000); A. Faessler, T. Gutsche, S. Kovalenko, and
F. Simkovic, Phys. Rev. D 77, 113012 (2008).

[70] M. Hirsch, H.V. Klapdor-Kleingrothaus, and S.G.
Kovalenko, Phys. Lett. B 352, 1 (1995); Phys. Rev. D
53, 1329 (1996); 54, R4207 (1996); 57, 1947 (1998);
M. Hirsch and J.W.E Valle, Nucl. Phys. B557, 60
(1999).

[71] B. C. Allanach, C. H. Kom, and H. Pas, Phys. Rev. Lett.
103, 091801 (2009).

[72] G. Bhattacharyya, H. V. Klapdor-Kleingrothaus, H. Pas,
and A. Pilaftsis, Phys. Rev. D 67, 113001 (2003).

[73] V. Cirigliano, A. Kurylov, M.J. Ramsey-Musolf, and P.
Vogel, Phys. Rev. Lett. 93, 231802 (2004).

[74] K. W. Choi, K. S. Jeong, and W. Y. Song, Phys. Rev. D 66,
093007 (2002).

[75] S. Choubey, M. Duerr, M. Mitra, and W. Rodejohann,
J. High Energy Phys. 05 (2012) 017; F. Bonnet, M. Hirsch,
T. Ota, and W. Winter, J. High Energy Phys. 03 (2013)
055; J. C. Helo, M. Hirsch, S. G. Kovalenko, and H. Pas,
Phys. Rev. D 88, 011901 (2013).

[76] C. Amaboldi et al. (CUORE Collaboration), Nucl. Ins-
trum. Methods Phys. Res., Sect. A 518, 775 (2004).

[77] R. Arnold et al. (SuperNEMO Collaboration), Eur. Phys. J.
C 70, 927 (2010).

[78] V.E. Guiseppe et al. (Majorana Collaboration), IEEE
Nucl. Sci. Symp. Conf. Rec. 2008, 1793 (2008).

[79] F. Ferroni, J. Phys. Conf. Ser. 293, 012005 (2011); J. W.
Beeman et al., Astropart. Phys. 35, 558 (2012).

[80] C. Kraus (SNO+ Collaboration), http://www.sno.phy
.queensu.ca/~alex/SNOLab.pdf; Prog. Part. Nucl. Phys.
57, 150 (2006).

[81] K. Zuber, Phys. Lett. B 519, 1 (2001); T. Bloxham et al.
(COBRA Collaboration), Phys. Rev. C 76 , 025501 (2007).

[82] E. Granena et al. (NEXT Collaboration), arXiv:0907.4054.

[83] G.L.Fogli, E. Lisi, A. Marrone, A. Melchiorri, A. Palazzo,
A. Rotunno, P. Serra, J. Silk, and A. Slosar, Phys. Rev. D
78, 033010 (2008).

[84] P.A.R. Ade et al
1303.5076.

[85] A. Meroni, S. T. Petcov, and F. Simkovic, J. High Energy
Phys. 02 (2013) 025.

[86] A. Faessler, A. Meroni, S. T. Petcov, F. Simkovic, and J.
Vergados, Phys. Rev. D 83, 113003 (2011).

[87] A. Faessler, G. L. Fogli, E. Lisi, A. M. Rotunno, and F.
Simkovic, Phys. Rev. D 83, 113015 (2011).

(Planck Collaboration), arXiv:

PHYSICAL REVIEW D 90, 093005 (2014)

[88] F. Simkovic, J. Vergados, and A. Faessler, Phys. Rev. D 82,
113015 (2010).

[89] A. Osipowicz et al. (KATRIN Collaboration), arXiv:hep-
ex/0109033.

[90] H. V. Klapdor-Kleingrothaus, I. V. Krivosheina, and S. N.
Karpov, Phys. Part. Nucl. Lett. 10, 704 (2013).

[91] M. T. Mustonen and J. Engel, Phys. Rev. C 87, 064302
(2013).

[92] J. Bergstrm, J. High Energy Phys. 02 (2013) 093; A.
Faessler, G. L. Fogli, E. Lisi, V. Rodin, A. M. Rotunno, and
F. Simkovic, Phys. Rev. D 87, 053002 (2013).

[93] E. Majorana, Nuovo Cim. 14, 171 (1937).

[94] F. Vissani, J. High Energy Phys. 06 (1999) 022.

[95] F. Feruglio, A. Strumia, and F. Vissani, Nucl. Phys. B637,
345 (2002).

[96] S.F. King, A. Merle, and A. J. Stuart, J. High Energy Phys.
12 (2013) 005.

[97] S. M. Bilenky, M. D. Mateev, and S. T. Petcov, Phys. Lett.
B 639, 312 (2000).

[98] C. Kraus et al., Eur. Phys. J. C 40, 447 (2005).

[99] V.M. Lobashev, Nucl. Phys. A719, C153 (2003); V. N.
Aseev et al. (Troitsk Collaboration), Phys. Rev. D 84,
112003 (2011).

[100] S. Kovalenko, Z. Lu, and 1. Schmidt, Phys. Rev. D 80,
073014 (2009).

[101] J. Kotila and F. Iachello, Phys. Rev. C 85, 034316
(2012).

[102] A. Atre, T. Han, S. Pascoli, and B. Zhang, J. High Energy
Phys. 05 (2009) 030.

[103] M. Galeazzi, F. Fontanelli, F. Gatti, and S. Vitale, Phys.
Rev. Lett. 86, 1978 (2001).

[104] K. H. Hiddemann, H. Daniel, and O. Schwentker, J. Phys.
G 21, 639 (1995).

[105] E. Holzschuh, W. Kundig, L. Palermo, H. Stussi, and
P. Wenk, Phys. Lett. B 451, 247 (1999).

[106] E. Holzschuh, L. Palermo, H. Stussi, and P. Wenk, Phys.
Lett. B 482, 1 (2000).

[107] J. Deutsch, M. Lebrun, and R. Prieels, Nucl. Phys. A518,
149 (1990).

[108] K. Schreckenbach, G. Colvin, and F. Von Feilitzsch, Phys.
Lett. B 129, 265 (1983).

[109] H. O. Back et al., Pis’ma Zh. Eksp. Teor. Fiz. 78, 707
(2003) [JETP Lett. 78, 261 (2003)].

[110] C. Hagner, M. Altmann, F. von Feilitzsch, L. Oberauer,
Y. Declais, and E. Kajfasz, Phys. Rev. D 52, 1343
(1995).

[111] D.1. Britton et al.,
(1992).

[112] G. Bernardi et al., Phys. Lett. B 203, 332 (1988).

[113] D. Berghofer et al., in Proceedings of the International
Conference on Neutrino Physics and Astrophysics, Maui,
Hawaii, 1981, edited by R.J. Cence, E. Ma, and A.
Roberts (University of Hawaii, Honolulu, HI, 1981),
Vol. II, p. 67; T. Yamazaki, in Proceedings of the 22nd
International Conference on High-Energy Physics,
Leipzig, Germany, 1984, edited by A. Meyer and E.
Wieczorek (Akademie der Wiessenachaften der DDR,
Leipzig, Germany, 1984), Vol. I, p. 262.

[114] P. Abreu et al., Z. Phys. C 74, 57 (1997); 75, 580(E)
(1997).

Phys. Rev. Lett. 68, 3000

093005-18


http://dx.doi.org/10.1007/JHEP08(2012)008
http://dx.doi.org/10.1007/JHEP09(2013)153
http://dx.doi.org/10.1007/JHEP09(2013)153
http://dx.doi.org/10.1103/PhysRevD.88.091301
http://dx.doi.org/10.1140/epjc/s10052-014-2853-z
http://dx.doi.org/10.1140/epjc/s10052-014-2853-z
http://dx.doi.org/10.1103/PhysRevD.88.093010
http://dx.doi.org/10.1103/PhysRevD.88.093010
http://dx.doi.org/10.1103/PhysRevD.34.3457
http://dx.doi.org/10.1103/PhysRevLett.75.2276
http://dx.doi.org/10.1103/PhysRevLett.75.2276
http://dx.doi.org/10.1103/PhysRevD.25.914
http://dx.doi.org/10.1103/PhysRevD.62.113002
http://dx.doi.org/10.1103/PhysRevD.62.113002
http://dx.doi.org/10.1103/PhysRevD.77.113012
http://dx.doi.org/10.1016/0370-2693(95)00460-3
http://dx.doi.org/10.1103/PhysRevD.53.1329
http://dx.doi.org/10.1103/PhysRevD.53.1329
http://dx.doi.org/10.1103/PhysRevD.54.R4207
http://dx.doi.org/10.1103/PhysRevD.57.1947
http://dx.doi.org/10.1016/S0550-3213(99)00368-5
http://dx.doi.org/10.1016/S0550-3213(99)00368-5
http://dx.doi.org/10.1103/PhysRevLett.103.091801
http://dx.doi.org/10.1103/PhysRevLett.103.091801
http://dx.doi.org/10.1103/PhysRevD.67.113001
http://dx.doi.org/10.1103/PhysRevLett.93.231802
http://dx.doi.org/10.1103/PhysRevD.66.093007
http://dx.doi.org/10.1103/PhysRevD.66.093007
http://dx.doi.org/10.1007/JHEP05(2012)017
http://dx.doi.org/10.1007/JHEP03(2013)055
http://dx.doi.org/10.1007/JHEP03(2013)055
http://dx.doi.org/10.1103/PhysRevD.88.011901
http://dx.doi.org/10.1016/j.nima.2003.07.067
http://dx.doi.org/10.1016/j.nima.2003.07.067
http://dx.doi.org/10.1140/epjc/s10052-010-1481-5
http://dx.doi.org/10.1140/epjc/s10052-010-1481-5
http://dx.doi.org/10.1088/1742-6596/293/1/012005
http://dx.doi.org/10.1016/j.astropartphys.2011.12.004
http://www.sno.phy.queensu.ca/~alex/SNOLab.pdf
http://www.sno.phy.queensu.ca/~alex/SNOLab.pdf
http://www.sno.phy.queensu.ca/~alex/SNOLab.pdf
http://www.sno.phy.queensu.ca/~alex/SNOLab.pdf
http://www.sno.phy.queensu.ca/~alex/SNOLab.pdf
http://www.sno.phy.queensu.ca/~alex/SNOLab.pdf
http://dx.doi.org/10.1016/j.ppnp.2005.12.001
http://dx.doi.org/10.1016/j.ppnp.2005.12.001
http://dx.doi.org/10.1016/S0370-2693(01)01056-5
http://dx.doi.org/10.1103/PhysRevC.76.025501
http://arXiv.org/abs/0907.4054
http://dx.doi.org/10.1103/PhysRevD.78.033010
http://dx.doi.org/10.1103/PhysRevD.78.033010
http://arXiv.org/abs/1303.5076
http://arXiv.org/abs/1303.5076
http://dx.doi.org/10.1007/JHEP02(2013)025
http://dx.doi.org/10.1007/JHEP02(2013)025
http://dx.doi.org/10.1103/PhysRevD.83.113003
http://dx.doi.org/10.1103/PhysRevD.83.113015
http://dx.doi.org/10.1103/PhysRevD.82.113015
http://dx.doi.org/10.1103/PhysRevD.82.113015
http://arXiv.org/abs/hep-ex/0109033
http://arXiv.org/abs/hep-ex/0109033
http://dx.doi.org/10.1134/S1547477113070133
http://dx.doi.org/10.1103/PhysRevC.87.064302
http://dx.doi.org/10.1103/PhysRevC.87.064302
http://dx.doi.org/10.1007/JHEP02(2013)093
http://dx.doi.org/10.1103/PhysRevD.87.053002
http://dx.doi.org/10.1007/BF02961314
http://dx.doi.org/10.1088/1126-6708/1999/06/022
http://dx.doi.org/10.1016/S0550-3213(02)00345-0
http://dx.doi.org/10.1016/S0550-3213(02)00345-0
http://dx.doi.org/10.1007/JHEP12(2013)005
http://dx.doi.org/10.1007/JHEP12(2013)005
http://dx.doi.org/10.1016/j.physletb.2006.06.050
http://dx.doi.org/10.1016/j.physletb.2006.06.050
http://dx.doi.org/10.1140/epjc/s2005-02139-7
http://dx.doi.org/10.1016/S0375-9474(03)00985-0
http://dx.doi.org/10.1103/PhysRevD.84.112003
http://dx.doi.org/10.1103/PhysRevD.84.112003
http://dx.doi.org/10.1103/PhysRevD.80.073014
http://dx.doi.org/10.1103/PhysRevD.80.073014
http://dx.doi.org/10.1103/PhysRevC.85.034316
http://dx.doi.org/10.1103/PhysRevC.85.034316
http://dx.doi.org/10.1088/1126-6708/2009/05/030
http://dx.doi.org/10.1088/1126-6708/2009/05/030
http://dx.doi.org/10.1103/PhysRevLett.86.1978
http://dx.doi.org/10.1103/PhysRevLett.86.1978
http://dx.doi.org/10.1088/0954-3899/21/5/008
http://dx.doi.org/10.1088/0954-3899/21/5/008
http://dx.doi.org/10.1016/S0370-2693(99)00200-2
http://dx.doi.org/10.1016/S0370-2693(00)00476-7
http://dx.doi.org/10.1016/S0370-2693(00)00476-7
http://dx.doi.org/10.1016/0375-9474(90)90541-S
http://dx.doi.org/10.1016/0375-9474(90)90541-S
http://dx.doi.org/10.1016/0370-2693(83)90858-4
http://dx.doi.org/10.1016/0370-2693(83)90858-4
http://dx.doi.org/10.1134/1.1625721
http://dx.doi.org/10.1103/PhysRevD.52.1343
http://dx.doi.org/10.1103/PhysRevD.52.1343
http://dx.doi.org/10.1103/PhysRevLett.68.3000
http://dx.doi.org/10.1103/PhysRevLett.68.3000
http://dx.doi.org/10.1016/0370-2693(88)90563-1
http://dx.doi.org/10.1007/s002880050370
http://dx.doi.org/10.1007/s002880050503
http://dx.doi.org/10.1007/s002880050503

EFFECT OF CANCELLATION IN NEUTRINOLESS DOUBLE ...

[115] O. Adriani et al. (L3 Collaboration), Phys. Lett. B 295, 371
(1992).

[116] J. Badier et al. (NA3 Collaboration), Z. Phys. C 31, 21
(1986).

[117] F. Bergsma et al. (CHARM Collaboration), Phys. Lett. B
166, 473 (1986).

[118] A.A. Smolnikov
0812.4194.

[119] A. Faessler, V. Rodin, and F. Simkovic, J. Phys. G 39,
124006 (2012); A. Faessler, G. L. Fogli, E. Lisi, V. Rodin,
A. M. Rotunno, and F. Simkovic, Phys. Rev. D 79, 053001
(2009).

(GERDA Collaboration), arXiv:

PHYSICAL REVIEW D 90, 093005 (2014)

[120] A.D. Dolgov, S.H. Hansen, G. Raffelt, and D.V.
Semikoz, Nucl. Phys. B590, 562 (2000).

[121] P. Hernandez, M. Kekic, and J. Lopez-Pavon, arXiv:
1406.2961.

[122] S. Hannestad, R. S. Hansen, and T. Tram, Phys. Rev. Lett.
112, 031802 (2014).

[123] J. Barea, J. Kotila, and F. Iachello, Phys. Rev. Lett. 109,
042501 (2012).

[124] P.S.B. Dev and A. Pilaftsis, Phys. Rev. D 86, 113001
(2012); Phys. Rev. D 87, 053007 (2013).

[125] X.-G. He and W. Liao, Phys. Lett. B 728, 68 (2014);
H. Zhang, Phys. Lett. B 714, 262 (2012).

093005-19


http://dx.doi.org/10.1016/0370-2693(92)91579-X
http://dx.doi.org/10.1016/0370-2693(92)91579-X
http://dx.doi.org/10.1007/BF01559588
http://dx.doi.org/10.1007/BF01559588
http://dx.doi.org/10.1016/0370-2693(86)91601-1
http://dx.doi.org/10.1016/0370-2693(86)91601-1
http://arXiv.org/abs/0812.4194
http://arXiv.org/abs/0812.4194
http://dx.doi.org/10.1088/0954-3899/39/12/124006
http://dx.doi.org/10.1088/0954-3899/39/12/124006
http://dx.doi.org/10.1103/PhysRevD.79.053001
http://dx.doi.org/10.1103/PhysRevD.79.053001
http://dx.doi.org/10.1016/S0550-3213(00)00566-6
http://arXiv.org/abs/1406.2961
http://arXiv.org/abs/1406.2961
http://dx.doi.org/10.1103/PhysRevLett.112.031802
http://dx.doi.org/10.1103/PhysRevLett.112.031802
http://dx.doi.org/10.1103/PhysRevLett.109.042501
http://dx.doi.org/10.1103/PhysRevLett.109.042501
http://dx.doi.org/10.1103/PhysRevD.86.113001
http://dx.doi.org/10.1103/PhysRevD.86.113001
http://dx.doi.org/10.1103/PhysRevD.87.053007
http://dx.doi.org/10.1016/j.physletb.2013.11.039
http://dx.doi.org/10.1016/j.physletb.2012.06.074

