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We revisit the phenomenology of neutrinoless double beta (0⌫��) decay mediated by non-
interfering exchange of light and heavy Majorana neutrinos, in the context of current and prospective
ton-scale experimental searches, as well as of recent calculations of nuclear matrix elements (NME)
in di↵erent nuclear models. We derive joint upper bounds on the light and heavy contributions
to 0⌫�� decay, for di↵erent sets of NME, through separate and combined data coming from the
following experiments (and isotopes): KamLAND-Zen and EXO (Xe), GERDA and MAJORANA
(Ge) and CUORE (Te). We further consider three proposed projects that could provide, within
current bounds, possible 0⌫�� decay signals at >3� level with an exposure of 10 ton years: nEXO
(Xe), LEGEND (Ge) and CUPID (Mo). Separate and combined (Xe, Ge, Mo) signals are studied
for di↵erent representative cases and NME sets, and the conditions leading to (non)degenerate light
and heavy neutrino mechanisms are discussed. In particular, the role of heavy-to-light NME ratios
in di↵erent isotopes is highlighted through appropriate graphical representations. By using di↵erent
sets of “true” and “test” NME as a proxy for nuclear uncertainties, it is shown that the relative con-
tributions of light and heavy neutrino exchange to 0⌫�� signals may be significantly biased in some
cases. Implications for theoretical models connecting light and heavy Majorana neutrino masses are
also briefly illustrated. These results provide further motivations to improve NME calculations, so
as to better exploit the physics potential of future multi-isotope 0⌫�� searches at the ton scale.

I. INTRODUCTION

The search for neutrinoless double beta decay (0⌫��) in various (Z,A) isotopes,

(Z, A) ! (Z + 2, A) + 2e� , (1)

violating the lepton number by two units, represents a major research program in particle and nuclear physics [1–3].
The observation of such rare process would prove that neutrinos are Majorana particles [4], independently of the
particle physics mechanism(s) leading to the decay, as reviewed, e.g., in [1, 5, 6].

Assuming the simplest mechanism involving the exchange of the three known light neutrinos, the decay half-life Ti

for the isotope i = (Z,A) reads

(Ti)
�1 = Si = Gi M

2
⌫,i

m
2
⌫
, (2)

where Gi is the phase-space factor [7, 8], M⌫,i is the nuclear matrix element (NME) [9] and m⌫ is the so-called e↵ective
Majorana mass for light ⌫,

m⌫ =

�����

3X

k=1

U
2
ek
mk

����� , (3)

where Uek is the mixing matrix element relating ⌫e to the light state ⌫k with mass mk. We follow a previously adopted
notation [10, 11] by introducing the signal strength Si = 1/Ti, and absorbing in Gi terms as 1/m2

e
and g

4
A
, where

gA = 1.276 [12] is the bare value of the axial-vector coupling. We can make contact with the alternative notation of
[1], where 1/T = G01g

4
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/m
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e
, by identifying m⌫ = m�� , as well as G = G01g

4
A
/m

2
e
and M⌫ = M0⌫ for each

isotope i. As in [1], we take the NME values M⌫,i as positive real numbers, referred to the bare value of gA.
As mentioned, alternative 0⌫�� decay mechanisms might replace (or coexist with) the exchange of light Majorana

neutrinos [1, 5, 6]. Of particular importance is the exchange of both light (⌫k) and heavy (Nh) Majorana neutrinos
[13], since the latter are a typical ingredient of scenarios beyond the standard model [14]. The contributions of the ⌫k
and Nh may add up incoherently in phenomenologically interesting scenarios [13], e.g., in left-right (LR) symmetric
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models with Nh coupled to right-handed (RH) currents via heavy WR-bosons of mass mWR � mW ' 80.4 GeV; see
[15] for a recent study of interference suppression in this context. For non-interfering exchange of ⌫k and Nh, Eq. (2)
is generalized with the same phase space [16] as:

(Ti)
�1 = Si = Gi

�
M

2
⌫,i

m
2
⌫

+M
2
N,i

m
2
N

�
, (4)

where the MN,i represent the NME for heavy Majorana neutrino exchange, while mN is another e↵ective Majorana
mass parameter for heavy Nh that, in LR models and in our notation, typically takes the form (see, e.g., [5])

mN =
m

4
W

m4
WR

�����
X

h

V
2
eh

mp me

Mh

����� , (5)

Mh being the mass of the heavy Nh, and Veh the associated mixing matrix element. Hereafter, we shall take Eq. (4)
as our working hypothesis for a phenomenological analysis of current and prospective 0⌫�� decay data.

In principle, if the NME for both light and heavy neutrino exchange were accurately known in two di↵erent isotopes
i and j, two precise experimental signals Si and Sj would be su�cient to determine the two unknown parameters m⌫

and mN via the coupled equations


SiG

�1
i

SjG
�1
j

�
=


M

2
⌫,i

M
2
N,i

M
2
⌫,j

M
2
N,j

� 
m

2
⌫

m
2
N

�
, (6)

provided that their determinant is nonzero, namely, that the heavy-to-light NME ratios are isotopically di↵erent [17],

MN,i

M⌫i

6= MN,j

M⌫j

. (7)

An additional signal in a third isotope k (with another, di↵erent NME ratio) would then act as a consistency check.
Conversely, competing 0⌫�� mechanisms with very similar NME ratios would be largely degenerate. Note that
algebraic conditions equivalent to Eq. (7) are also required to disentangle and check interfering mechanisms, where
the signal strength is of the form Si = Gi|M⌫,i m⌫ + MN,i mN |2, with additional complications due to delicate
cancelations [20]; see e.g. the early studies in [18, 19] and more recently in [21].

In practice, this apparently simple multi-isotope program towards the determination of m⌫ and mN is hindered by
several problems: (i) the NME are currently a↵ected by large uncertainties, not necessarily (all) reduced by taking
ratios; (ii) the ratios MN,i/M⌫,i happen to be quite similar in various isotopes, at least in some nuclear models; (iii)
available 0⌫�� data are compatible with null signals while, in perspective, even positive signals may be a↵ected by
large statistical uncertainties; (iv) multi-isotope signals may lead to consistency checks (if compatible) or to unphysical
solutions (if incompatible), depending in part on the assumed NME and their ratios. These and other related issues
have been addressed with a variety of approaches and results in a vast literature, with emphasis on di↵erent aspects.
A largely incomplete list includes studies of the algebraic NME conditions leading to (non)degenerate mechanisms
[18, 19, 22] or to (un)physical solutions [23], of general features of light vs heavy NME calculations [24–26], of multi-
isotope NME consistency checks [27, 28], of available or prospective decay rates [29–31] and of additional spectral data
that may help to break degeneracies [32], just to name a few topics. It may also be noticed that the apparent similarity
of NME ratios MN,i/M⌫,i in di↵erent isotopes can be regarded, on the one hand, as a disadvantage, leading to an
e↵ective degeneracy of light and heavy mechanisms; and on the other hand as an advantage, leading to an isotope-
independent generalization of Eq. (4) that interpolates between the light and heavy ⌫ mass scales [33], covering the
possible regime of intermediate masses (not considered in this work) at the Fermi momentum scale of O(200) MeV.

Despite the di�culties in unraveling the above issues, 0⌫�� decays mediated by light and heavy neutrinos continue
to attract interest, both theoretically and experimentally. A number of theoretical models relating the light and heavy
sectors may provide testable connections between the 0⌫�� parameters m⌫ and mN , as well as between lepton number
violating processes at low-energy and high-energy scales (e.g., at colliders); see, e.g., the reviews in [34, 35] and an
early [36] and recent [37] study, among many others. Concerning the NME, theoretical calculations for light and
heavy neutrino exchange have been performed for a variety of candidate isotopes and nuclear models, although with
still large uncertainties (as reviewed later). A general consensus is emerging about a well-defined roadmap to improve
and stabilize the NME calculations [38, 39] by benchmarking the models (possibly based on ab initio techniques) with
as many nuclear data as possible, e.g., by exploiting NME correlations with a variety of observables [40–46]. A recent
implementation of this program for 136Xe suggests an encouraging reduction of the associated NME uncertainties
(formally below 20% at 1�) [47], although outstanding problems remain, such as the role of gA quenching [48, 49]
or the assessment of the relative sign and size of some short-range contributions to the decay rate [50–52], with a
possible di↵erent impact for light and heavy neutrino exchange.
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e↵ective degeneracy of light and heavy mechanisms; and on the other hand as an advantage, leading to an isotope-
independent generalization of Eq. (4) that interpolates between the light and heavy ⌫ mass scales [33], covering the
possible regime of intermediate masses (not considered in this work) at the Fermi momentum scale of O(200) MeV.

Despite the di�culties in unraveling the above issues, 0⌫�� decays mediated by light and heavy neutrinos continue
to attract interest, both theoretically and experimentally. A number of theoretical models relating the light and heavy
sectors may provide testable connections between the 0⌫�� parameters m⌫ and mN , as well as between lepton number
violating processes at low-energy and high-energy scales (e.g., at colliders); see, e.g., the reviews in [34, 35] and an
early [36] and recent [37] study, among many others. Concerning the NME, theoretical calculations for light and
heavy neutrino exchange have been performed for a variety of candidate isotopes and nuclear models, although with
still large uncertainties (as reviewed later). A general consensus is emerging about a well-defined roadmap to improve
and stabilize the NME calculations [38, 39] by benchmarking the models (possibly based on ab initio techniques) with
as many nuclear data as possible, e.g., by exploiting NME correlations with a variety of observables [40–46]. A recent
implementation of this program for 136Xe suggests an encouraging reduction of the associated NME uncertainties
(formally below 20% at 1�) [47], although outstanding problems remain, such as the role of gA quenching [48, 49]
or the assessment of the relative sign and size of some short-range contributions to the decay rate [50–52], with a
possible di↵erent impact for light and heavy neutrino exchange.
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Mh being the mass of the heavy Nh, and Veh the associated mixing matrix element. Hereafter, we shall take Eq. (4)
as our working hypothesis for a phenomenological analysis of current and prospective 0⌫�� decay data.
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provided that their determinant is nonzero, namely, that the heavy-to-light NME ratios are isotopically di↵erent [17],
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M⌫j

. (7)

An additional signal in a third isotope k (with another, di↵erent NME ratio) would then act as a consistency check.
Conversely, competing 0⌫�� mechanisms with very similar NME ratios would be largely degenerate. Note that
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cancelations [20]; see e.g. the early studies in [18, 19] and more recently in [21].
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that may help to break degeneracies [32], just to name a few topics. It may also be noticed that the apparent similarity
of NME ratios MN,i/M⌫,i in di↵erent isotopes can be regarded, on the one hand, as a disadvantage, leading to an
e↵ective degeneracy of light and heavy mechanisms; and on the other hand as an advantage, leading to an isotope-
independent generalization of Eq. (4) that interpolates between the light and heavy ⌫ mass scales [33], covering the
possible regime of intermediate masses (not considered in this work) at the Fermi momentum scale of O(200) MeV.

Despite the di�culties in unraveling the above issues, 0⌫�� decays mediated by light and heavy neutrinos continue
to attract interest, both theoretically and experimentally. A number of theoretical models relating the light and heavy
sectors may provide testable connections between the 0⌫�� parameters m⌫ and mN , as well as between lepton number
violating processes at low-energy and high-energy scales (e.g., at colliders); see, e.g., the reviews in [34, 35] and an
early [36] and recent [37] study, among many others. Concerning the NME, theoretical calculations for light and
heavy neutrino exchange have been performed for a variety of candidate isotopes and nuclear models, although with
still large uncertainties (as reviewed later). A general consensus is emerging about a well-defined roadmap to improve
and stabilize the NME calculations [38, 39] by benchmarking the models (possibly based on ab initio techniques) with
as many nuclear data as possible, e.g., by exploiting NME correlations with a variety of observables [40–46]. A recent
implementation of this program for 136Xe suggests an encouraging reduction of the associated NME uncertainties
(formally below 20% at 1�) [47], although outstanding problems remain, such as the role of gA quenching [48, 49]
or the assessment of the relative sign and size of some short-range contributions to the decay rate [50–52], with a
possible di↵erent impact for light and heavy neutrino exchange.
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FIG. 1: Scatter plot of MN,i/M⌫,i ratios for each pair of isotopes (i, j) among (Xe, Ge, Te). The diagonal dotted line

corresponds to MN,i/M⌫,i = MN,j/M⌫,j . Each point refers to one of the fifteen NME sets in Table I. Di↵erent markers

label di↵erent models (SM, QRPA, EDF, IBM).

Given the crucial role of isotopically di↵erent NME ratios MN,i/M⌫,i to avoid the degeneracy of the two mechanisms
[Eq. (7)], it is useful to show such ratios for pairs of di↵erent isotopes (i, j) relevant in the analysis of current constraints
(i, j = Xe, Ge, Te) and of prospective signals (i, j = Xe, Ge, Mo).
Figure 1 shows the heavy-to-light NME ratios for each pair (i, j) of isotopes among (Xe, Ge, Te). The scatter

plots show a significant spread (about a factor of three in each coordinate), that reflects the still large theoretical
uncertainties a↵ecting nuclear model calculations. The points also tend to cluster around the diagonal lines, where
MN,i/M⌫,i = MN,j/M⌫,j and the two 0⌫�� decay mechanisms become degenerate. A nearly degenerate situation
occurs for the IBM cases in all (i, j) pairs: in such cases, even precise measurements of 0⌫�� decay signals (Si, Sj)
would not be able to separate the contributions of light or heavy neutrino exchange via Eq. (6). Conversely, some
QRPA and SM cases happen to be significantly o↵-diagonal for at least one (i, j) pair. In such cases, provided that
the (unquantified) model uncertainties are small enough not to cross the diagonal line, the relative weight of the two
mechanisms could be determined—at least in principle—via high-statistics (Si, Sj) data. The EDF case provides an
intermediate situation, nearly degenerate for the (Xe, Te) pair, and slightly nondegenerate for the other two isotopic
pairs. Since we do not know which model is close to the “true” NME values, we must currently accept the occurrence
of all possibilities about the (non)degeneracy of the light and heavy neutrino mechanisms in 0⌫�� searches using (Xe,
Ge, Te) data. However, it is interesting to note that while the (Xe, Te) and (Xe, Ge) points are scattered on both
sides of the diagonal line and along it, the (Ge, Te) ones lie only on the upper side. If this fact were not accidental,
but suggestive of a model-independent inequality of the kind (MN/M⌫)Te > (MN/M⌫)Ge, then the relative amount of

Degenaracy analysis
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FIG. 3: ��2
functions in terms of the half-life T (top abscissa) and of the signal strength S = 1/T (bottom abscissa). Left and

right panels: separate experiments and their combinations for the same isotope, respectively. Dotted horizontal lines intersect the

curves at 90% C.L. See the text for details.

Figure 3 shows the numerical information of Table II in graphical form; the left and right panels refer to separate
experiments and to same-isotope combinations, respectively. Focussing on the right panel, it should be noted that:
(i) For Ge and Xe, it is ��

2 = 0 at null signal, while for Te there is a weak preference for a nonzero signal; (ii)
as mentioned, the Xe constraints on T are slightly weaker than those from Ge at 90% C.L.; however, they become
comparatively stronger for ��

2
> 4.4; (iii) in particular, at 3�, T90(Ge) ' 0.8⇥ 1026 y, while T90(Xe) ' 1⇥ 1026. As

emphasized in [10, 11], there is a lot more information in the ��
2 functions than can be captured by the parameters

T90, often used to characterize experimental performances.
In the following, bounds on the 0⌫�� e↵ective parameters m⌫ and mN , both separately and in combination, will

be obtained by summing up the ��
2
i
associated to the Xe, Ge and Te signals Si appearing in Eq. (4). For the sake

of simplicity, we shall present numerical and graphical bounds only for a reference C.L. of 2� (��
2 = 4).

B. Light neutrino exchange only: m⌫ � 0, mN = 0

The case of light Majorana neutrino exchange only has a specific interest, being the simplest and most natural
scenario for 0⌫�� decay. We update the recent analysis in [11], to account for the latest Ge data and for some
di↵erences in the adopted NME sets.3

Table III reports, in the upper half, the 2� upper bounds on the e↵ective light Majorana mass m⌫ , for each of
the fifteen representative NME sets M⌫,i (i = Xe, Ge, Te) listed in Table I. Best-fit values of m⌫ are reported in the
lower half. Concerning constraints from single isotopes, in most cases Xe sets the strongest 2� bounds, followed by
weaker ones from Ge and Te. However, for the cases numbered as 6 and 7 (QRPA), the NME for Xe are the lowest,
and the Ge bounds prevail on those from Xe and Te (comparable). Concerning the best fits for single isotopes, only
Te data favors m⌫ > 0, due to the slight preference for a nonzero signal in Fig. 3, in contrast with Xe and Ge data.
The combination of any two isotopes generally provides a bound stronger that the separate ones, except for the cases
involving Te with relatively large NME; in such cases, the joint bounds of Te with Ge or Xe are weakened, as a result
of a slight tension between the two isotopic data in terms of preferred m⌫ . This e↵ect is more evident for noted NME
sets 6 and 7, where the preference for m⌫ > 0 at best fit persists in the Xe+Te combination. The global Xe+Ge+Te
combination provides rather stable results for m⌫ , characterized by m⌫ = 0 at best-fit values and by upper bounds

3
With respect to [11], we have added some NME calculations from studies covering both light and heavy neutrino exchange, while we

have excluded those not covering the latter case. The overall number of adopted NME sets (fifteen) is accidentally the same as in [11].

Current bounds on the signal strengths 
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FIG. 4: Joint upper bounds on the e↵ective Majorana masses for the exchange of light neutrinos (m⌫) and heavy neutrinos

(mN ) from current Xe, Ge and Te data, under the assumption of non-interfering exchange, Eq. (4). The legenda with colored line

types refers to representative NME sets, numbered as in Table I. All bounds are derived at the 2� confidence level (��2
= 4.0),

and refer to the pairs (m⌫ , mN ) and (m2
⌫ , m

2
N
) in the upper and lower panels, respectively. From left to right, the panels refer

first to the three separate Xe, Ge and Te bounds, and then to their combination Xe+Ge+Te.

D. Non-interfering light and heavy neutrinos: m⌫ � 0, mN � 0

Figure 4 shows, in the upper panels, the joint upper bounds in terms of the e↵ective Majorana mass parameters
(m⌫ , mN ), using separate and combined Xe, Ge and Te data from current experiments. Regions below each curve
are allowed at 2� (��

2 = 4). To avoid confusion, we show only selected cases with relatively weak or strong bounds,
for seven NME sets representative of the SM, QRPA, EDF and IBM models, numbered as in Table I. In the limits
mN = 0 and m⌫ = 0, we recover the 2� bounds reported in Tables III and IV, respectively.

The lower panels of Fig. 4 map the same bounds as in the upper panels, but in the squared variables (m2
⌫
, m

2
N
).

Since Eq. (4) is linear in such variables, the bounds for separate Xe, Ge, Te isotopes are exactly linear in such scales.
For a given NME set, the slope of the linear bound reflects the ratio MN,i/M⌫,i for the i-th isotope: the smaller
the ratio, the steeper the slope. The bounds from the Xe+Ge+Te combination stem from a best fit to a system of
equations, and are not expected to be linear in principle (they should be arcs of ellipses in the squared variables). In
practice, they turn out to be very close to linear, the combinations being typically dominated by a single isotope; see
the rightmost lower panel in Fig. 4.

We can thus summarize the joint 2� bounds on (m2
⌫
, m

2
N
) in an approximately linear parametric form, applicable to

any considered NME set, and smoothly interpolating between the squares of the 2� limits m⌫,2� and mN,2� reported
for the Xe+Ge+Te combination in Tables III and IV, respectively:

m
2
⌫

 (1� ↵)m2
⌫,2� , (20)

m
2
N

 ↵m
2
N,2� , (21)

where ↵ 2 [0, 1]. For ↵ = 0 (↵ = 1), one recovers the separate bounds for the exchange of only light (heavy) Majorana
neutrinos. The results discussed in this Section represent the most updated bounds on non-interfering light and heavy
Majorana neutrino exchange that can be derived from current multi-isotope 0⌫�� data and for recent NME sets.

Some comments are in order on NME uncertainties. In this work, we choose to take the spread of the results,
stemming from di↵erent NME sets, as a proxy for the (largely unknown) theoretical uncertainties a↵ecting nuclear
models. In principle, more refined approaches are possible. For instance, within a nuclear model, one could construct
many variants, possibly constrained by pertinent data, and infer a probability distribution function (p.d.f.) for the
NME, accounting for covariances among isotopes. This approach was proposed for light Majorana neutrino exchange
in [69, 70], using QRPA model variants benchmarked by 2⌫�� data; see also the discussion in Sec. III.B of [10].
Extensions to other exchange mechanisms within the same model involve further assumptions about the joint p.d.f.

Present joint bounds on light and heavy effec:ve majorana masses
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FIG. 6: Fit to prospective data from ton-scale projects (nEXO, LEGEND, CUPID), both separately (slanted bands) and in a global

combination (ellipses), in the plane charted by the squared mass parameters (m2
⌫ , m

2
N
), at 2� level. The upper and lower panels refer

to the NME sets numbered as 8 and 11 in Table I. The left, middle and right panels refer to the three representative cases in Eq. (27),

identified by solid circles.

The true signals S̄i are fitted by test signals Si via Eq. (25), both separately and in combination. We start by making
the futuristic assumption that the true and test NME are the same, as if they had no uncertainty; this assumption
will be dropped in the next Section. As a consequence, the true values in Eq. (27) are reconstructed as best-fit test
values, with �

2 = ⌃�2
i
= 0; what matters is the just the uncertainty of this reconstruction, that we show at the 2�

level (�2 = 4). In the (m2
⌫
,m

2
N
) plane, �2 isolines appear as slanted bands for separate isotopes, while they appear as

ellipses in multi-isotope combinations. The slopes of the bands are governed by the MN,i/M⌫,i ratios, so that their
mutual overlap (and thus the extension of the ellipse) depends of the di↵erences among these ratios: the smaller the
di↵erences, the closer the slopes, the larger the overlap, the higher the degeneracy between the two 0⌫�� mechanisms.

Among the pertinent NME sets numbered from 8 to 15 in Table I and in Fig. 2, we choose four representative ones:
the two QRPA sets labelled as 8 and 11, that provide relatively high ratios MNi/M⌫,i, and appear on opposite sides of
the diagonal in two of the three planes of Fig. 2; the EDF set labelled as 13, that provides intermediate values of the
ratios MN,i/M⌫,i, and appears to be close to all diagonals in Fig. 2; and the IBM set numbered as 15, that provides
relatively low ratios MN,i/M⌫,i, significantly o↵-diagonal in two of the three planes of Fig. 2. The other NME sets
would provide qualitatively similar results.

Figure 6 shows the 2� constraints from ton-scale experiments for the three values of the mass parameters in Eq. (27)
(left, middle and right panels), using the QRPA NME set labelled as 8 (upper panels) and 11 (lower panels). In the
upper panels, the separate bands have quite di↵erent slopes, and their combination (an ellipse) allows to distinguish
at least the extreme cases. In particular, for the true cases of only light (or heavy) neutrinos, the opposite test cases
of only heavy (or light) neutrinos are rejected at > 2�. For the case with both mechanisms at the same time (right
panel), the limit mN = 0 is rejected, while m⌫ = 0 is allowed, as a result of the relatively high ratio MN,i/M⌫,i in all
isotopes. In the lower panels (NME set 11), the various slopes are only moderately di↵erent, and the two mechanisms
become e↵ectively degenerate at the 2� level: the allowed ellipse interpolates between the limiting cases and is not
able to separate them.

Fit to prospec:ve data from ton-scale experiments

9



10

Complementarity between neutrinoless double beta decay and collider searches
for heavy neutrinos in composite-fermion models

S. Biondini,1, ⇤ S. Dell’Oro,2, 3 R. Leonardi,4 S. Marcocci,5 O. Panella,4 M. Presilla,4 and F. Vissani6

1
Department of Physics, University of Basel, Klingelbergstr. 82, CH-4056 Basel, Switzerland

2
University of Milano-Bicocca, I-20126 Milano, Italy

3
INFN Sezione di Milano-Bicocca, I-20126 Milano, Italy

4
INFN, Sezione di Perugia, I-06123 Perugia, Italy

5
Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

6
INFN, Laboratori Nazionali del Gran Sasso, I-67100 Assergi, L’Aquila, Italy

(Dated: November 2, 2021)

Composite-fermion models predict excited quarks and leptons with mass scales which can po-
tentially be observed at high-energy colliders like the LHC; the most recent exclusion limits from
the CMS and ATLAS Collaborations corner excited-fermion masses and the compositeness scale to
the multi-TeV range. At the same time, hypothetical composite Majorana neutrinos would lead to
observable e↵ects in neutrinoless double beta decay (0⌫��) experiments. In this work, we show that
the current composite-neutrino exclusion limit MN > 4.6 TeV, as extracted from direct searches at
the LHC, can indeed be further improved to MN > 8.8 TeV by including the bound on the nuclear
transition 136Xe ! 136Ba + 2 e– . Looking ahead, the forthcoming HL-LHC will allow probing a
larger portion of the parameter-space, nevertheless, it will still benefit from the complementary
limit provided by 0⌫�� future detectors to explore composite-neutrino masses up to 12.6 TeV.

Composite-fermions scenarios o↵er a possible solu-
tion to the hierarchy pattern of fermion masses [1–6].
The main phenomenological consequences of this class
of models are the existence of heavy excitations of the
Standard Model (SM) fermions, i. e. of excited quarks
and leptons – a hypothesis that is indeed tested in high-
energy experiments – and of gauge and contact interac-
tions between SM fermions and excited fermions [7–12].
The excited states are expected to have masses ranging
from the electroweak [7, 9, 13] up to the compositeness
scale and can be embedded in weak-isospin multiplets,
thus coupling to the ordinary fermions via gauge inter-
actions with magnetic-type transition [9, 13].

In this work, we probe a class of composite-fermion
models by exploiting the complementarity between the
direct searches at high-energy colliders and phenomeno-
logical manifestations at a much lower energy scale, in
particular in neutrinoless double beta decay reactions.

Neutrinoless double beta decay (0⌫��) is a rare nu-
clear process forbidden by SM that violates the lepton
number by two units; its observation would demonstrate
that the lepton number is not a symmetry of nature.
The theoretical framework preferred by the community
sees the 0⌫�� transition mediated by the exchange of
ordinary, light neutrinos. As a matter of fact, we have
proven the existence of a non-zero neutrino mass, while
at the same time the structure of the SM would be min-
imally extended by including a Majorana mass term for
the neutrino [14]. Nevertheless, alternative mechanisms
can be invoked to explain the 0⌫�� process, such as the
exchange of composite heavy Majorana neutrinos.

The investigation of composite-fermion scenarios has
recently been the object of phenomenological studies

⇤ simone.biondini@unibas.ch

and experimental analyses at the Large Hadron Collider
(LHC) searching for excited quarks [15–17], charged lep-
tons [18–25] and, indeed, Majorana neutrinos [26–29]. At
the same time, the cosmological implication of the neu-
tral composite leptons has been explored in the context
of baryogenesis via leptogenesis [30, 31]. These studies
were based on the following assumptions [32]:

(a) the charged current that involves SM gauge bosons
and the excited Majorana neutrino ⌫⇤ ⌘ N is of magnetic
type, i. e. it is described by a dimension-5 operator:

LGI =
gfp
2⇤

N̄ �µ⌫ `L @⌫ Wµ + h. c , (1)

where g is the SU(2) SM gauge coupling, ⇤ is the com-
positeness scale, f is a free parameter of the model and
�µ⌫ = i [�µ, �⌫ ] /2;

(b) contact interactions between ordinary fermions
may arise by the exchange of more fundamental con-
stituents, if these are commons to fermions, and/or by
the exchange of the binding quanta of the new unknown
interaction [12, 33]. The dominant e↵ect is expected to
be given by a dimension-6 operator, namely four-fermion
interactions scaling with the inverse square of the com-
positeness scale:

LCI =
g2⇤
2⇤2

jµjµ . (2)

The e↵ective strong coupling g⇤ is analogous to the ⇢-
meson e↵ective coupling g2⇢/(4⇡) ⇡ 2.1 arising from the
new “meta-color” force exchanged between preon sub-
constituents; it is normalised, according to standard im-
plementations, by setting g2⇤ = 4⇡ [12, 34]. The current
jµ is actually the sum of various vector/axial-vector cur-
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Composite-fermion models predict excited quarks and leptons with mass scales which can po-
tentially be observed at high-energy colliders like the LHC; the most recent exclusion limits from
the CMS and ATLAS Collaborations corner excited-fermion masses and the compositeness scale to
the multi-TeV range. At the same time, hypothetical composite Majorana neutrinos would lead to
observable e↵ects in neutrinoless double beta decay (0⌫��) experiments. In this work, we show that
the current composite-neutrino exclusion limit MN > 4.6 TeV, as extracted from direct searches at
the LHC, can indeed be further improved to MN > 8.8 TeV by including the bound on the nuclear
transition 136Xe ! 136Ba + 2 e– . Looking ahead, the forthcoming HL-LHC will allow probing a
larger portion of the parameter-space, nevertheless, it will still benefit from the complementary
limit provided by 0⌫�� future detectors to explore composite-neutrino masses up to 12.6 TeV.

Composite-fermions scenarios o↵er a possible solu-
tion to the hierarchy pattern of fermion masses [1–6].
The main phenomenological consequences of this class
of models are the existence of heavy excitations of the
Standard Model (SM) fermions, i. e. of excited quarks
and leptons – a hypothesis that is indeed tested in high-
energy experiments – and of gauge and contact interac-
tions between SM fermions and excited fermions [7–12].
The excited states are expected to have masses ranging
from the electroweak [7, 9, 13] up to the compositeness
scale and can be embedded in weak-isospin multiplets,
thus coupling to the ordinary fermions via gauge inter-
actions with magnetic-type transition [9, 13].

In this work, we probe a class of composite-fermion
models by exploiting the complementarity between the
direct searches at high-energy colliders and phenomeno-
logical manifestations at a much lower energy scale, in
particular in neutrinoless double beta decay reactions.

Neutrinoless double beta decay (0⌫��) is a rare nu-
clear process forbidden by SM that violates the lepton
number by two units; its observation would demonstrate
that the lepton number is not a symmetry of nature.
The theoretical framework preferred by the community
sees the 0⌫�� transition mediated by the exchange of
ordinary, light neutrinos. As a matter of fact, we have
proven the existence of a non-zero neutrino mass, while
at the same time the structure of the SM would be min-
imally extended by including a Majorana mass term for
the neutrino [14]. Nevertheless, alternative mechanisms
can be invoked to explain the 0⌫�� process, such as the
exchange of composite heavy Majorana neutrinos.

The investigation of composite-fermion scenarios has
recently been the object of phenomenological studies

⇤ simone.biondini@unibas.ch

and experimental analyses at the Large Hadron Collider
(LHC) searching for excited quarks [15–17], charged lep-
tons [18–25] and, indeed, Majorana neutrinos [26–29]. At
the same time, the cosmological implication of the neu-
tral composite leptons has been explored in the context
of baryogenesis via leptogenesis [30, 31]. These studies
were based on the following assumptions [32]:

(a) the charged current that involves SM gauge bosons
and the excited Majorana neutrino ⌫⇤ ⌘ N is of magnetic
type, i. e. it is described by a dimension-5 operator:

LGI =
gfp
2⇤

N̄ �µ⌫ `L @⌫ Wµ + h. c , (1)

where g is the SU(2) SM gauge coupling, ⇤ is the com-
positeness scale, f is a free parameter of the model and
�µ⌫ = i [�µ, �⌫ ] /2;

(b) contact interactions between ordinary fermions
may arise by the exchange of more fundamental con-
stituents, if these are commons to fermions, and/or by
the exchange of the binding quanta of the new unknown
interaction [12, 33]. The dominant e↵ect is expected to
be given by a dimension-6 operator, namely four-fermion
interactions scaling with the inverse square of the com-
positeness scale:

LCI =
g2⇤
2⇤2

jµjµ . (2)

The e↵ective strong coupling g⇤ is analogous to the ⇢-
meson e↵ective coupling g2⇢/(4⇡) ⇡ 2.1 arising from the
new “meta-color” force exchanged between preon sub-
constituents; it is normalised, according to standard im-
plementations, by setting g2⇤ = 4⇡ [12, 34]. The current
jµ is actually the sum of various vector/axial-vector cur-
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rents:

jµ = ⌘Lf̄L�µfL + ⌘0Lf̄⇤
L�µf

⇤
L

+ ⌘00Lf̄⇤
L�µfL + h. c.+ (L ! R). (3)

In this work, right-handed currents are neglected for
simplicity, as commonly adopted by the collider commu-
nity. Flavour conserving but non-diagonal terms, in par-
ticular those with currents like the third term in Eq. (3),
can couple excited states with ordinary fermions, so that
Eq. (2) contains a term of the form:

LCI =
⌘L g2⇤
⇤2

0

@
X

q,q0

q̄L�
µq0L

1

A N̄L�µ`L + h. c. , (4)

when selecting charged SM leptons accompanying the
heavy exited neutrino. We shall not distinguish between
the model parameters ⌘’s in Eq. (3), and simply indicate
them all with a generic ⌘L. These interactions can ac-
count for the production of excited neutrinos at hadron
colliders via the 2 ! 2 process qq̄0 ! N`, as recently
shown in phenomenological studies [26, 35].

As we will show, the contact interactions induce 0⌫��,
and actually provide the dominant contribution when
compared to the gauge interactions for this model. The
relevant diagrams for 0⌫��, that involve a composite Ma-
jorana neutrino with gauge and contact interactions, are
illustrated in Fig. 1. In particular, the contribution by
Eq. (1) (Fig. 1a) had already been calculated in Refs. [36–
38]. Here, we calculate the additional contribution due
to contact interactions, as expressed in Eq. (4) (Fig. 1b)
and estimate the e↵ect from the mixed terms (Figs. 1c
and 1d).

We can rewrite the Lagrangian of Eq. (4), which de-
scribes the four-fermion contact interactions, as follows:

LCI =
g2⇤
2⇤2

JµJ
µ
h , (5)

where Jµ =  ̄e�µ⌘LPL N , with PL ⌘ (1 � �5)/2, while
Jh
µ =

P
q,q0 q̄�µ(1 � �5)q0 is the hadronic weak charged

current induced by the quark-level current. For the latter
current, we factor out 1/2 from the chiral projector PL in
Eq. (5), in order to conform with the common expressions
of the hadronic current and nuclear matrix elements [39–
42]. The corresponding S-matrix element is

SCI =

✓
g2⇤
⇤2

◆2
1

8

Z
d4q

(2⇡)4
d4xd4y e�iq·(x�y)

⇥ ⌘2Lp
2
(1� P12) ̄(p2)�µ PL

q/+MN

q2 �M2
N

PL �⌫ 
c(p1)

⇥ ei(p1·x+p2·y)hF |T [Jµ
h (x)J

⌫
h (y)]|Ii , (6)

where (1 � P12)/
p
2 is the antisymmetric operator due

to the production of two identical fermions, (two elec-
trons in our case) and  c = C ̄T , where C is the charge
conjugation matrix.

We make the ansatz that the hadronic current is given
by the corresponding sum of the nucleonic charged cur-

rent [43–45], namely Jh
µ (x) =

P
i J

(i)
µ (x), where the sum

runs over the nucleons of the isotope which undergoes
0⌫��. Therefore, we can rewrite

hF |T [Jµ
h (x)J

⌫
h (y)]|Ii = exp [i(pF � pI) · y]

⇥hF |T [Jµ
h (x� y)J⌫

h (0)]|Ii , (7)

where pF (I) refers to the outgoing (incoming) hadron
momentum. We change the integration variables as
x = z + u/2 and y = z � u/2 in Eq. (6), so to obtain

SCI =

✓
g2⇤
⇤2

◆2
1� P12

8
p
2

Z
d4q

(2⇡)4
d4zd4u e�iq·u

⇥ eiz·(p1+p2+pF�pI) ⌘2LMN  ̄(p2)�µ�⌫ PR 
c(p1)

⇥ ei(u/2)·(p1�p2�pF+pI)
hF |T [Jµ

h (u)J
⌫
h (0)]|Ii

(q2 �M2
N )

. (8)

The integration over z guarantees the energy-momentum
conservation, and we recast the matrix element in the
form SCI = (2⇡)4�4(pI � pF � p1 � p2)TCI, where:

TCI = ⌘2L

✓
g2⇤
⇤2

◆2
(1� P12)

8
p
2

Z
d4q

(2⇡)4
d4u e�i(q�p1)·u

⇥ MN  ̄(p2)�µ�⌫PR 
c(p1)

hF |T [Jµ
h (u)J

⌫
h (0)]|Ii

(q2 �M2
N )

. (9)

The leptonic current can be simplified with standard
Dirac algebra, and by defining

Wµ⌫(q) ⌘
Z

d4x e�iq·xhF |T [Jµ
h (x)J

⌫
h (0)]|Ii , (10)

we can write Eq. (9) as follows:

TCI =

✓
g2⇤
⇤2

◆2
⌘2LMN

4
p
2
 ̄(p2)PR 

c(p1)

⇥
Z

d3q

(2⇡)3

Z
dq0
2⇡

Wµ
µ(q � p1)

(q20 � !2
N + i✏)

, (11)

where !N =
p
q2 +M2

N . Following Ref. [37], we expand
Wµ⌫ in Eq. (10) by using a complete set of intermediate
states and notice that the energy of a state |Xi can be
written as EX = Ec.m.(P ) + ✏X , where Ec.m.(P ) is the
energy of the center of mass motion and ✏n is the exci-
tation energy. As commonly performed in 0⌫�� calcula-
tions, we use the closure approximation, i. e. we replace
the energy of the intermediate state EX with an average
value hEXi = Ec.m. (hPXi)+ ✏̄X , where ✏̄X is the average
excitation energy of the intermediate states [40, 46–48]
and is typically of the order of 10 MeV. The virtual neu-
trino momentum |q| (equal to the momentum transfer
in the process) is of the order of |q| ⇡ 1/rNN where
rNN ⇡ 2 fm is the average inter-nucleon distance in the
nuclei so that |q| ⇡ 100 MeV ⌧ MN . This means that
the energy of the center-of-mass motion of the nuclei is
negligible relative to the typical excitation energies (10

Gauge term 

Contact term

Basic formulae

5

FIG. 2. Lower bounds on the compositeness scale ⇤ as function of the heavy Majorana neutrino mass MN . (Left panel) The
red semitransparent band is the bound from the 0⌫�� as given by the CI induced half-life Eq. (32), with the experimental
value T1/2 > 1.07 ⇥ 1026 yr [57]. The red lines correspond to the minimum and maximum values for the NMEs [58? ] The
solid-dotted blue line is the bound from the analysis of 2.3 fb�1 of data collected at the LHC during Run-2 at

p
s = 13 TeV, by

the CMS Collaboration [27]. The dashed-gray line, as corresponding to ⇤ = MN , delimits the unphysical region for the model.
(Right panel) Projection of the 0⌫�� bound with a half-life T1/2 > 1028, the solid blue line stands for the CMS Collaboration
projection study of the heavy composite neutrino at the HL-LHC [28, 29]. The green and yellow bands correspond to the
expected one and two standard deviation(s), respectively.

where the limit on the decay half-life are

T1/2 (90%C. L.) >

(
1.8⇥ 1026yr (76Ge, [57])

1.07⇥ 1026yr (136Xe, [60])
. (31)

By inserting the appropriate values for the NMEs, phase
space factors and for the other quantities, it is possible to
obtain a lower bound on the compositeness scale ⇤ as a
function of the heavy composite Majorana neutrino mass
MN from the inequality

⇤ � g⇤
23/4

r
⌘L gA

GF cos ✓c

✓
mp

MN

◆ 1
4 ⇣

G01 |M0N |2 T exp.
1/2

⌘ 1
8
,

(32)

upon requiring TCI
1/2 � T exp.

1/2 . We set ⌘L to unity, as com-
monly performed in the phenomenological and experi-
mental collider-based analyses. The resulting bound for
the 136Xe case is shown in Fig. 2 in the model parameter-
plane (MN ,⇤). The (red semi-transparent) band is ob-
tained by varying the NME in the range (72.6, 186),
which correspond to minimum (IBM model, [58]) and
maximum (QRPA model, [59]) values for M0N ; other
calculations lead to intermediate values [42, 61] (NSM
model). The uncertainty on the phase space factor
G01 is practically negligible [56]. The half-life limit of

76Ge is tighter, but the corresponding 0⌫�� bound in
the (MN ,⇤) plane is less constraining, mainly due to a
smaller value of the phase space factor.

In the left panel of Fig. 2 we compare the 0⌫�� bound
with the exclusion limits provided by the LHC analysis
(Run 2) searching for the composite neutrino within the
same Lagrangian model [27]; the excluded regions have
to be understood below the curves. One can see that
the 0⌫�� is rejecting portions of the parameter space
(MN ,⇤) still allowed by the CMS data (blue dots). In
particular, for ⇤ = MN the LHC search [27] excludes
masses MN < 4.6TeV, while the 0⌫�� search masses
MN < (7.3 � 8.8) TeV depending on the selected value
for the NME. It is worth noticing that the 0⌫�� bound
performs better also in the low-mass region, where the
Run-2 analysis loses sensitivity due to less energetic par-
ticles in the final state.

In a similar way, it is possible to foresee the sensi-
tivity on the compositeness scale coming from the fu-
ture searches for 0⌫�� and the projection study for the
High-Luminosity LHC (HL-LHC), that will operate with
a centre-of-mass energy of 14 TeV and an integrated lu-
minosity of 3 ab�1. The next generation of 0⌫�� exper-
iments aims at sensitivities for the half-life of more than
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FIG. 2. Lower bounds on the compositeness scale ⇤ as function of the heavy Majorana neutrino mass MN . (Left panel) The
red semitransparent band is the bound from the 0⌫�� as given by the CI induced half-life Eq. (32), with the experimental
value T1/2 > 1.07 ⇥ 1026 yr [57]. The red lines correspond to the minimum and maximum values for the NMEs [58? ] The
solid-dotted blue line is the bound from the analysis of 2.3 fb�1 of data collected at the LHC during Run-2 at

p
s = 13 TeV, by

the CMS Collaboration [27]. The dashed-gray line, as corresponding to ⇤ = MN , delimits the unphysical region for the model.
(Right panel) Projection of the 0⌫�� bound with a half-life T1/2 > 1028, the solid blue line stands for the CMS Collaboration
projection study of the heavy composite neutrino at the HL-LHC [28, 29]. The green and yellow bands correspond to the
expected one and two standard deviation(s), respectively.

where the limit on the decay half-life are

T1/2 (90%C. L.) >

(
1.8⇥ 1026yr (76Ge, [57])

1.07⇥ 1026yr (136Xe, [60])
. (31)

By inserting the appropriate values for the NMEs, phase
space factors and for the other quantities, it is possible to
obtain a lower bound on the compositeness scale ⇤ as a
function of the heavy composite Majorana neutrino mass
MN from the inequality

⇤ � g⇤
23/4

r
⌘L gA

GF cos ✓c

✓
mp

MN

◆ 1
4 ⇣

G01 |M0N |2 T exp.
1/2

⌘ 1
8
,

(32)

upon requiring TCI
1/2 � T exp.

1/2 . We set ⌘L to unity, as com-
monly performed in the phenomenological and experi-
mental collider-based analyses. The resulting bound for
the 136Xe case is shown in Fig. 2 in the model parameter-
plane (MN ,⇤). The (red semi-transparent) band is ob-
tained by varying the NME in the range (72.6, 186),
which correspond to minimum (IBM model, [58]) and
maximum (QRPA model, [59]) values for M0N ; other
calculations lead to intermediate values [42, 61] (NSM
model). The uncertainty on the phase space factor
G01 is practically negligible [56]. The half-life limit of

76Ge is tighter, but the corresponding 0⌫�� bound in
the (MN ,⇤) plane is less constraining, mainly due to a
smaller value of the phase space factor.

In the left panel of Fig. 2 we compare the 0⌫�� bound
with the exclusion limits provided by the LHC analysis
(Run 2) searching for the composite neutrino within the
same Lagrangian model [27]; the excluded regions have
to be understood below the curves. One can see that
the 0⌫�� is rejecting portions of the parameter space
(MN ,⇤) still allowed by the CMS data (blue dots). In
particular, for ⇤ = MN the LHC search [27] excludes
masses MN < 4.6TeV, while the 0⌫�� search masses
MN < (7.3 � 8.8) TeV depending on the selected value
for the NME. It is worth noticing that the 0⌫�� bound
performs better also in the low-mass region, where the
Run-2 analysis loses sensitivity due to less energetic par-
ticles in the final state.

In a similar way, it is possible to foresee the sensi-
tivity on the compositeness scale coming from the fu-
ture searches for 0⌫�� and the projection study for the
High-Luminosity LHC (HL-LHC), that will operate with
a centre-of-mass energy of 14 TeV and an integrated lu-
minosity of 3 ab�1. The next generation of 0⌫�� exper-
iments aims at sensitivities for the half-life of more than
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FIG. 1. Feynman diagrams for 0⌫��, i. e. the transition of two neutrons n into two protons p, mediated by the exchange of
heavy composite neutrinos N within a composite-fermion model. The two vertices involve (from left to right), magnetic-type
interactions from Eq. (1), contact interaction vertices from Eq. (4) and one gauge and one contact interaction vertex (two
permutations). In the text, we refer to them as pure gauge (a), pure contact (b) and mixed contributions (c) and (d).

MeV) and also to the initial and final nuclei energies
(EI , EF ), so that EI ⇡ MI and EF ⇡ MF . By inte-
grating over the center-of-mass momentum of the inter-
mediate state, and by introducing the so called closure
energy [40, 49, 50]

� ⇡ Ec.m. (hPXi)+ ✏̄X � 1

2
(MI +MF ) ⇡ 10 MeV , (12)

we obtain the tensor Wµ⌫(q � p1) as:

Wµ⌫(q0, q) = i
2�

q20 ��2 + i✏
(13)

⇥ hhF |
X

nn0

exp (iq · rnn0) Jµ
n (�q)J⌫

n(q)|Iii ,

where rnn0 = rn � r0n is the nucleons’ relative position
vector, Jµ(q) is the nucleon current in momentum space
and hhF | · · · |Iii denotes the matrix element over the A�1
relative coordinates once the center of mass motion has
been integrated out. Notice that the dependence from p1
in Eq. (13) is marginal, and we drop it in the following,
because: (i) the momentum of the final electron p1 ⇡ 1
MeV can always be neglected relative to the virtual neu-
trino momentum q ⇡ 100 MeV; (ii) the energy of the two
final electrons E1+E2 in 0⌫�� is fixed to approximately
2 MeV, and the energy of the final electrons E1,2 / 2
MeV is fairly smaller than the average excitation energy
�.

Out of the various available formulations for the non-
relativistic nucleon currents and corresponding normal-
izations, we consider the ones given in Refs. [51, 52]:

J (n)
0 (q) = gV (q

2)⌧+n , (14)

J (n)
i (q) =


gA(q

2)(�n)i � gP (q
2)
�n · q
2mp

qi

+igM (q2)
(�n ⇥ q)i

2mp

�
⌧+n , (15)

where �k is the spin matrix of the k-th nucleon,
labelled with n, and ⌧+n is the ladder operator of
the nuclear isospin. The values of the form factors
gV (q2), gA(q2), gP (q2) and gM (q2), and relevant param-
eters in Eqs. (14) and (15) are fixed as in Ref. [52], and
we specify here the two form factors that act as building
blocks for the remaining ones

gA(q
2) =

gA
(1 + q2/M2

A)
2
, gV (q

2) =
gV

(1 + q2/M2
V )

2
,

(16)
where gV = 1 (under the hypothesis of conserved vector
current), M2

V = 0.71 (GeV/c2)2 [53], gA ' 1.269 [54] and
MA = 1.09 (GeV/c2)2 [55].
Finally, the quantity Wµ

µ(q�p1) appearing in Eq. (11)
(within the closure approximation) is given by

Wµ
µ(q

0, q) = �i
2�

q20 ��2 + i✏
(17)

⇥ hhF |
X

nn0

exp (iq · rnn0) ⌦nn0(q)|Iii,

with the two body e↵ective transition operator in mo-
mentum space of the form [51]:

⌦nn0(q) = ⌧+n ⌧+n0 [�hF(q) + hGT(q)�n · �n0

�hT(q)Snn0 ] , (18)

with Snn0 = 3 [(q̂ · �n)(q̂ · �n0)] � �n · �n0 , and the
functions hF(q), hGT(q) and hT(q) can be found in
e.g. Refs.[51, 52]. Performing the integration upon the
temporal component of the momentum transfer (q0) in
Eq. (11) we define, and calculate, the integral:

I(q2) ⌘
Z

dq0
2⇡i


�

q20 ��2 + i✏

�
1

(q20 � !2
N + i✏)

= � 1

2!N (!N +�)
. (19)

Diagrams involving a heavy composite-neutrino contributing to 0n2b decay
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FIG. 2. Lower bounds on the compositeness scale ⇤ as function of the heavy Majorana neutrino mass MN . (Left panel) The
red semitransparent band is the bound from the 0⌫�� as given by the CI induced half-life Eq. (32), with the experimental
value T1/2 > 1.07 ⇥ 1026 yr [57]. The red lines correspond to the minimum and maximum values for the NMEs [58? ] The
solid-dotted blue line is the bound from the analysis of 2.3 fb�1 of data collected at the LHC during Run-2 at

p
s = 13 TeV, by

the CMS Collaboration [27]. The dashed-gray line, as corresponding to ⇤ = MN , delimits the unphysical region for the model.
(Right panel) Projection of the 0⌫�� bound with a half-life T1/2 > 1028, the solid blue line stands for the CMS Collaboration
projection study of the heavy composite neutrino at the HL-LHC [28, 29]. The green and yellow bands correspond to the
expected one and two standard deviation(s), respectively.

where the limit on the decay half-life are

T1/2 (90%C. L.) >

(
1.8⇥ 1026yr (76Ge, [57])

1.07⇥ 1026yr (136Xe, [60])
. (31)

By inserting the appropriate values for the NMEs, phase
space factors and for the other quantities, it is possible to
obtain a lower bound on the compositeness scale ⇤ as a
function of the heavy composite Majorana neutrino mass
MN from the inequality

⇤ � g⇤
23/4

r
⌘L gA

GF cos ✓c

✓
mp

MN

◆ 1
4 ⇣

G01 |M0N |2 T exp.
1/2

⌘ 1
8
,

(32)

upon requiring TCI
1/2 � T exp.

1/2 . We set ⌘L to unity, as com-
monly performed in the phenomenological and experi-
mental collider-based analyses. The resulting bound for
the 136Xe case is shown in Fig. 2 in the model parameter-
plane (MN ,⇤). The (red semi-transparent) band is ob-
tained by varying the NME in the range (72.6, 186),
which correspond to minimum (IBM model, [58]) and
maximum (QRPA model, [59]) values for M0N ; other
calculations lead to intermediate values [42, 61] (NSM
model). The uncertainty on the phase space factor
G01 is practically negligible [56]. The half-life limit of

76Ge is tighter, but the corresponding 0⌫�� bound in
the (MN ,⇤) plane is less constraining, mainly due to a
smaller value of the phase space factor.

In the left panel of Fig. 2 we compare the 0⌫�� bound
with the exclusion limits provided by the LHC analysis
(Run 2) searching for the composite neutrino within the
same Lagrangian model [27]; the excluded regions have
to be understood below the curves. One can see that
the 0⌫�� is rejecting portions of the parameter space
(MN ,⇤) still allowed by the CMS data (blue dots). In
particular, for ⇤ = MN the LHC search [27] excludes
masses MN < 4.6TeV, while the 0⌫�� search masses
MN < (7.3 � 8.8) TeV depending on the selected value
for the NME. It is worth noticing that the 0⌫�� bound
performs better also in the low-mass region, where the
Run-2 analysis loses sensitivity due to less energetic par-
ticles in the final state.

In a similar way, it is possible to foresee the sensi-
tivity on the compositeness scale coming from the fu-
ture searches for 0⌫�� and the projection study for the
High-Luminosity LHC (HL-LHC), that will operate with
a centre-of-mass energy of 14 TeV and an integrated lu-
minosity of 3 ab�1. The next generation of 0⌫�� exper-
iments aims at sensitivities for the half-life of more than

Lower bounds on the compositness scale L as a funcion of MN
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We study in detail the impact of a light sterile neutrino in the interpretation of the latest data of
the long baseline experiments NO⌫A and T2K, assessing the robustness/fragility of the estimates of
the standard 3-flavor parameters with respect to the perturbations induced in the 3+1 scheme. We
find that all the basic features of the 3-flavor analysis, including the weak indication (⇠1.4�) in favor
of the inverted neutrino mass ordering, the preference for values of the CP-phase �13 ⇠ 1.2⇡, and
the substantial degeneracy of the two octants of ✓23, all remain basically unaltered in the 4-flavor
scheme. Our analysis also demonstrates that it is possible to attain some constraints on the new
CP-phase �14. Finally, we point out that, di↵erently from non-standard neutrino interactions, light
sterile neutrinos are not capable to alleviate the tension recently emerged between NO⌫A and T2K
in the appearance channel.

I. INTRODUCTION

Neutrino mass and mixing have been firmly established by several experiments using natural and artificial neutrino
sources. The 3-flavor framework is recognized as the sole scheme able to describe all the measurements obtained
at baselines longer than ⇠ 100 meters. Despite its huge success, however, the standard 3-flavor scheme might not
constitute the ultimate description of neutrino properties. As a matter of fact, several anomalies have been found
in short baseline experiments (SBL), which cannot be described in the 3-flavor scenario (for reviews on the subject
see [1–10]). The hints derive from the accelerator experiments LSND [11] and MiniBooNE [12], and from the so-called
reactor [13] and Gallium [14, 15] anomalies. More recently, the nuclear reactor data from NEOS [16], DANSS [17]
and Neutrino-4 [18], have provided indications in the same direction. Limits on light sterile neutrinos have been also
found exploiting solar neutrinos [19–21], the long-baseline (LBL) experiments MINOS, MINOS+ [22, 23], NO⌫A [24]
and T2K [25], the reactor experiments Daya Bay [26], PROSPECT [27] and STEREO [28], and also the atmospheric
data collected at Super-Kamiokande [29], IceCube [30, 31] and ANTARES [32].

In the 3-flavor framework three mass eigenstates ⌫i with masses mi (i = 1, 2, 3) are introduced, together with three
mixing angles (✓12, ✓23, ✓13), and one CP-phase �13. The neutrino mass ordering (NMO) is dubbed normal (NO) if
m3 > m1,2 or inverted (IO) if m3 < m1,2. The two mass-squared splittings �m

2
21 ⌘ m

2
2 �m

2
1 and �m

2
31 ⌘ m

2
3 �m

2
1

are too small to give rise to detectable e↵ects in SBL setups. Therefore, new neutrino species, having much bigger
mass-squared di↵erences O(eV2) must be introduced to explain the SBL anomalies. The new hypothetical neutrino
states are assumed to be sterile, i.e. singlets of the standard model gauge group. Several new and more sensitive SBL
experiments are underway to put under test such an intriguing hypothesis (see the review in [6]), which, if confirmed
would constitute a tangible evidence of physics beyond the standard model. In the minimal extension of the 3-flavor
framework, the so-called 3 + 1 scheme, only one sterile species is introduced. In this scenario, one supposes that one
mass eigenstate ⌫4 exists, weakly mixed with the active neutrino flavors (⌫e, ⌫µ, ⌫⌧ ) and separated from the standard
mass eigenstates (⌫1, ⌫2, ⌫3) by a O(eV2) di↵erence. The 3+1 framework is governed by six mixing angles and three
(Dirac) CP-violating phases. Therefore, in the eventuality of a discovery of a light sterile species, we would face the
challenging task of identifying six new properties [3 mixing angles (✓14, ✓24, ✓34), 2 CP-phases (�14, �34), and the
mass-squared splitting �m

2
41 ⌘ m

2
4 �m

2
1].

As first pointed out in Ref. [33], in the presence of a light sterile neutrino, the ⌫µ ! ⌫e conversion probability
probed by the long baseline (LBL) facilities entails a new term engendered by the interference among the atmospheric
frequency and the new frequency connected to the sterile species. The oscillations induced by the new frequency are
very fast and are completely smeared out by the finite energy resolution of the detector. Notwithstanding, the fourth
neutrino leaves observable traces in the conversion probability. This makes the LBL experiments able to probe the new
CP-phases entailed by the 3+1 scheme. The recent 4-flavor analyses of NO⌫A and T2K data, have already pointed
out that such two experiments have some sensitivity to one of such CP-phases [7, 33, 34]. Likewise, the sensitivity
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Mixing Matrix in the 3+1 scheme

U = R34 R24 R14 R23 R13 R12
∼

In general, we have additional sources of  CPV

charged current part, the Lagrangian is invariant under the following global phase
transformations:

⇧kL ⇤ ei⇧k⇧kL, ⇧kR ⇤ ei⇧k⇧kR (k = 1, 2, 3) (66)

��L ⇤ ei⇧���L, ��R ⇤ ei⇧���R (� = e, µ, ⌃) (67)

A 3 ⇥ 3 Dirac mixing matrix therefore depends on three mixing angles and one CP-
violating phase. In the Majorana case, the mass term is not invariant under the phase
transformation in equation 66. Hence in the Majorana case, the mixing matrix depends
on two extra Majorana phases, which makes three mixing angles and three CP-violating
phases. In this case, the mixing matrix can be written as

U = UDDM (68)

where UD is the mixing matrix of the Dirac case and DM is a diagonal unitary matrix
with two independent phases:

DM = diag(ei⌅1 , ei⌅2 , ei⌅3), ⇤1 = 0. (69)

The oscillation probability however is independent of the Majorana phases. The mixing
matrix elements in the Majorana case are written as

U�k = UD
�ke

i⌅k . (70)

The product of the mixing matrix that appears in the oscillation probability therefore
becomes

U⇥
�kU⇥kU�jU

⇥
⇥j = UD⇥

�k e
�i⌅kUD

⇥ke
i⌅kUD

�je
i⌅jUD⇥

⇥j e
�i⌅j = UD⇥

�k U
D
⇥kU

D
�jU

D⇥
⇥j . (71)

Hence, neutrino oscillations do not depend on the Majorana phases and the Majorana
phases cannot be measured by neutrino oscillation experiments. The oscillation prob-
ability for Dirac and Majorana neutrinos is identical, so from now on we will not treat
them as di�erent cases anymore.

The mixing matrix U can be parameterized by the multiplication of the real orthogonal
matrices Rjk. These matrices perform a rotation of an angle ⇥jk in the j–k plane. For
a 2⇥ 2 matrix, they are simply given by:

Rij =

�
cij sij
�sij cij

⇥
, R̃ij =

�
cij s̃ij
�s̃⇥ij cij

⇥
(72)

sij = sin ⇥ij s̃ij = sije
�i⇤ij

cij = cos ⇥ij

For mixing matrices with higher dimensions, the matrices Rjk can be constructed from:
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- D14 >> 1 : fast oscillations are averaged out

- But interference of  D14 & D13 survives and is observable

s13 ~ s14 ~ s24 ~ 0.15 ~ e
P 4⌫
µe ' PATM + P INT

I + P INT
II

P INT
I ' 8s13s23c23s12c12(↵�) sin� cos(�+ �13)

P INT
II ' 4s14s24s13s23 sin� sin(�+ �13 � �14)

~ e2

~ e3

~ e3
{

a = dm2/Dm2 ~ 0.03 ~ e2

Sensitivity to the new CP-phase d14

PATM ' 4s223s
2
13 sin

2 �

_

_ _ _

_
_

A new interference term in the 3+1 scheme
N. Klop & A.P., PRD (2015)
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FIG. 1: Estimates of the oscillation parameters for the 3-flavor (upper panels) and 4-flavor (lower panels) scenarios determined
by the combination of T2K and NO⌫A (with reactor constraint). The continuous (dashed) curves refer to NO (IO).

able to explain the tension is given by hypothetical neutrino non-standard interactions (NSIs), as recently shown
in [72] (see also [73]). This di↵erent capability of NSIs to resolve the discrepancy between the two experiments stems
from their dependence on matter e↵ects, to which T2K and NO⌫A have a di↵erent sensitivity, as already noticed in
a previous work [74]. In contrast, in the case of sterile neutrinos and non-unitary neutrino mixing only kinematical
(vacuum) e↵ects are involved.

Concerning the atmospheric mixing angle ✓23 (middle panels) we see that, regardless of the NMO, the best fit lies
in the higher octant (sin2 ✓23 ⇠ 0.57) in the 3-flavor case. In the 4-flavor scenario, the preference swaps to the lower
octant (sin2 ✓23 ⇠ 0.46). This is in agreement with the behavior predicted in the forecast study [40], which evidenced
that sterile neutrinos may hamper the determination of the octant of ✓23 even in future LBL experiments. Finally,
in the right panels we report the estimate of the atmospheric mass-squared �m

2
31 splitting. From these plots we can

observe that both in NO and IO the best fit values and allowed ranges are very similar in the 3-flavor and 4-flavor
schemes.

In order to better understand how the 1-dimensional constraints shown in Fig. 1 arise, it is useful to look at the
2-dimensional pojections in the plane spanned by a couple of oscillation parameters. In addition, such plots will
enrich our comprehension by evidencing potential correlations among the oscillation parameters. Figure 2 displays
the constraints in the plane spanned by ✓13 and �13. Left (right) panel refers to NO (IO). The black contours represent
the 3-flavor case, while the filled regions refer to the 4-flavor scenario. In both cases we show the 68% and 90% C.L.
for two d.o.f.. Di↵erently from all other plots, in this figure, we have drawn the regions allowed by NO⌫A and T2K
without the external prior on ✓13 coming from reactor experiments. Such a prior is shown at the 1� level as a thin
vertical band in each of the two panels of Fig. 2. This figure allows us to appreciate possibles synergies between
reactor and accelerator constraints. In particular, one can observe that the level of superposition of the reactor band
with the allowed regions of the LBL experiments, is comparable in the NO and IO cases. Therefore, the inclusion of
the reactor prior on ✓13 has no role in the preference of IO over NO observed in the 1-dimensional projections shown
in Fig. 1, which entirely comes from the LBL experiments T2K and NO⌫A. In the 4-flavor case the agreement between
reactors and LBL experiments is basically unaltered, so one expects that IO will be preferred over NO also in this

3n

4n
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FIG. 2: Allowed regions obtained from the combination of T2K and NO⌫A (without reactor constraint) in the plane spanned
by sin2 2✓13 and �13. Left (right) panel refers to NO (IO). The black contours represent the 3-flavor case, while the filled regions
pertain to the 4-flavor scheme. The black (red) star indicates the best fit point in the 3-flavor (4-flavor) scenario. The vertical
band indicates the 1� constraint on ✓13 determined by reactor experiments.

enlarged framework, as found in the 1-dimensional projections shown in Fig. 1. Concerning the CP-phase �13, we see
that the two LBL experiments tend to favor values of �13 close to ⇠ 1.2⇡ for NO and ⇠ 1.5⇡ in IO. The combination
with reactors has almost no role also on this parameter, which currently is entirely determined by the LBL data.

Figure 3 shows the constraints in the plane spanned by ✓23 and |�m
2
31|. Left (right) panel refers to NO (IO). The

black contours represent the 3-flavor case, while the filled regions refer to the 4-flavor scenario. In both cases we show
the 68% and 90% C.L. for two d.o.f.. As expected, the allowed regions are larger in 4-flavor than in 3-flavor scheme.
This is natural as one has more freedom in the fit in the 3+1 scheme. However, one can notice that the range allowed
for |�m

2
31| is very similar in the two scenarios both in NO and IO. This feature can be understood recalling that the

�m
2
31 is constrained mostly by the disappearance channel, which probes the ⌫µ ! ⌫µ survival probability. This in

turn is almost insensitive to the presence of sterile neutrinos. Figure 4 displays the constraints in the plane spanned
by the two CP-phases �13 and �14 for NO (left panel) and IO (right panel). We can observe that although there is
an appreciable sensitivity to the new CP-phase �14, it is less constrained with respect to the 3-flavor CP-phase �13.
We note that in NO the CP-conserving case (�13, �14) = (⇡,⇡) is allowed at the 68% confidence level. In contrast, in

FIG. 3: Allowed regions obtained from the combination of T2K and NO⌫A (with reactor constraint) in the plane spanned by
sin2

✓23 and |�m
2
31|. Left (right) panel refers to NO (IO). The black contours represent the 3-flavor case, while the filled regions

pertain to the 4-flavor scheme. The black (red) star indicates the best fit point in the 3-flavor (4-flavor) scenario.
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FIG. 4: Regions allowed by the combination of T2K and NO⌫A (with reactor constraint) in the plane spanned by the two
CP-phases �13 and �14. Left (right) panel refers to NO (IO).

the IO case there is a appreciable rejection of both the CP-conserving cases (�13, �14) = (0, 0) and �14 = (⇡,⇡). We
must observe that although the two experiments T2K and NO⌫A prefer the IO, all the other data do not support this
indication. In fact, all the recent global analyses [75–77] (which include the latest data of T2K and NO⌫A) evidence
a preference for NO at the ⇠ 2.7� level. If such a global preference in favor of NO will be confirmed by future data,
it would mean that the preferred regions for the CP-phases would be those reported in the left panel of Figure 4. In
this case, we would have no hint in favor of CPV, for both �13 and �14.

V. CONCLUSIONS

We have considered the impact of a light sterile neutrino in the interpretation of the latest data of the long baseline
experiments NO⌫A and T2K. We have assessed the estimates of the standard 3-flavor parameters, highlighting the
perturbations induced in the 4-flavor scheme. We find that all the basic features of the 3-flavor analysis, including the
weak indication (⇠1.4�) in favor of the inverted neutrino mass ordering, the preference for values of the CP-phase
�13 ⇠ 1.2⇡, and the substantial degeneracy of the two octants of ✓23, all remain almost unchanged in the 4-flavor
scheme. Our work also demonstrates that it is possible to attain some constraints on the new CP-phase �14. Finally,
we have pointed out that, di↵erently from non-standard neutrino interactions, light sterile neutrinos are not capable
to alleviate the tension recently emerged between NO⌫A and T2K in the appearance channel. We hope that our work
may trigger more complete 4-flavor analyses incorporating also the atmospheric neutrino data, which are expected to
be sensitive both to the NMO and to the standard and non-standard CP-phases �13 and �14. However, we point out,
that an accurate 4-flavor analysis of the current atmospheric data can be performed only from inside the experimental
collaborations. To this regard, we would like to underline that the publication by the experimental collaborations of a
�
2 map for the 4-flavor analysis (as already available for the 3-flavor case), would be extremely useful, since it would

allow one to perform a global analysis of all data sensitive to the NMO and (ordinary and new) CP-phases. In the
eventuality of a discovery of a light sterile neutrino at SBL experiments, the availability of such pieces of information
would become an indispensable tool for exploring the 4-flavor framework.
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