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Neutrinos and the Standard Model

The Standard Model can not explain:

What is dark matter?

What is dark energy?

Prevalence of matter over
antimatter

The original SM that we all learned in school predicts that neutrinos
are strictly massless

We know that neutrinos have mass from neutrino flavor
oscillations
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How are ν masses generated?

Dirac neutrino masses: the
neutrino mass is generated via
the standard Higgs mechanism
in the same way as leptons and
quarks → ν’s Yukawa couplings
more than 6 orders of
magnitude smaller.

Majorana mass term
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Neutrinos : Break on through to the other side

Effective Field Theory: the Standard Model LSM = LD=4. The
Lagrangian is expanded in powers of 1/Λ.

The first correction has a single dimension 5 operator, which gives
rise to a Majorana mass term : L = −1

2

∑
i mi ν̄iνi ∝ 1

Λ

New physics scale Λ explored by 0νββ searches with high sensitivity

SMEFT up to dimension-6
SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of 

precision physics happening today.  
In particular, it allows one to quantify the strength of different observables

A. Falkowski lecture at CP2023 (https://indico.in2p3.fr/event/27893)

The smallness of neutrino masses comes up naturally for Λ of the
order of the GUT scale (see-saw model)

Baryon-antibaryon asymmetry explained through leptogenesis
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2νββ and 0νββ

2νββ
Lepton number is conserved

0νββ
Lepton number not conserved,
creation of matter

Engels and Volker, Physics 11, 30, 2018
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0νββ decay half-life

Experimental observable: 0νββ decay rate :
(
T 0νββ
1/2

)−1

0νββ can happen by several mechanisms. Assuming the light-neutrino
exchange scenario:

(
T 0νββ
1/2

)−1
= g4

A · G0ν · |M0ν |2︸ ︷︷ ︸
nuclear

·
new physics︷ ︸︸ ︷
⟨mββ⟩2/m2

e

We measure T 0νββ
1/2 and interpret it in terms of mββ with inputs from

theory:

gA is the coupling to the nucleon (axial vector coupling constant).
For a bare nucleon gA ≈ 1.27.

G0ν is the Phase-space factor represents the kinematic of the decay.
Depends on Qββ , Z, electrons. Calculated with good accuracy.
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Nuclear Matrix elements

M0ν , the nuclear matrix element, NME, relates to the nuclear
structure of the initial and final state nuclei → we need to consider a
many body problem → the hard part

Difficult to calculate accurately. Differences ∼ factor 3 - 4 depending
on the nuclear models

0νββ and measurements with 2νββ Rencontres de Noirmoutier 6 / 17



Effective Majorana mass

combined fit of the KamLAND-Zen 400 and 800 datasets,
giving a limit of

T0νββ
1=2 > 3.8 × 1026 yr ð90% CLÞ: ð1Þ

The best-fit long-lived spallation background rate is
30.2þ5.0

−4.0 ðton yrÞ−1, indicating good consistency between
the MC-based prediction and the LD analysis. This
combined analysis has a sensitivity of 2.4 × 1026 yr, and
the probability of obtaining a stronger limit is 20%. The
lower limit on T0νββ

1=2 can be converted to an upper limit on
hmββi assuming that the 0νββ decay mechanism is

dominated by exchange of light Majorana neutrinos.
Assuming the axial coupling constant gA ≃ 1.27, we obtain
an upper limit of

hmββi < ð28 − 122Þ meV ð90% CLÞ; ð2Þ

using an improved phase space factor calculation of 14.54 ×
10−15 ðyrÞ−1 [32,33] and phenomenological nuclear matrix
element (NME) calculations (summarized in Table II). In
this Letter, we follow the current standard to use those
phenomenological models, although recent theoretical work
has produced new NME calculations [34,35] incorporating
both quenching physics [36,37] and short-range contact [38]
contributions, which are missing in the calculations in
Table II. Considering the calculations from Refs. [34,35]
gives ranges of upper limits on hmββi of 71–125 meV
(ab initio [34]), 25–60 meV (pnQRPA [35]), and 44–
138 meV (shell model [35]). Figure 4 illustrates the allowed
range of hmββi as a function of the lightest neutrino mass for
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FIG. 3. Allowed region for the 136Xe 0νββ rate and the long-
lived spallation background rate in the energy region 2.35 < E <
2.70 MeV (0νββ window). The red dot and contour lines
correspond to the best-fit and the 1σ, 90%, 95%, 99% CL
intervals for two degrees of freedom, respectively. The horizontal
line indicates the MC-based prediction.

TABLE II. Summary of commonly used phenomenological
nuclear matrix elements (M0ν) for 136Xe 0νββ decay and the
corresponding 90% CL upper limits on the effective Majorana
neutrino mass hmββi from KamLAND-Zen data. The limits
shown in Eq. (2) use the minimum and maximum.

References M0ν hmββi (meV)

Shell model [43] 2.28, 2.45 59.4, 55.3
[44] 1.63, 1.76 83.1, 77.0

[45,46] 2.39 56.7

QRPA [47] 1.55 87.4
[48] 2.91 46.6
[49] 2.71 50.0
[50] 1.11, 1.18 122, 115
[51] 3.38 40.1

EDF theory [52] 4.20 32.3
[53] 4.77 28.4
[54] 4.24 32.0

IBM [55] 3.25 41.7
[56] 3.40 39.9
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FIG. 4. EffectiveMajorana neutrino mass hmββi as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation param-
eters for (a) the normal ordering (NO) and (b) the inverted ordering
(IO), and the light shaded regions indicate the 3σ ranges calculated
from oscillation parameter uncertainties [41,42]. The horizontal
lines indicate 90% CL upper limits on hmββi with 136Xe from
KamLAND-Zen (this Letter), considering an improved phase
space factor calculation [32,33] and phenomenological NME
calculations: shell model [43–46] (dot-dashed lines), quasiparticle
randomphase approximation (QRPA) [47–51] (dotted lines),
energy-density functional (EDF) theory [52–54] (solid lines),
interacting boson model (IBM) [55,56] (dashed lines). (c) The
corresponding limits for 136Xe, 76Ge [39], and 130Te [40]. Three
theoretical predictions in the IO region are also shown: (A) [4],
(B) [5], and (C) [6].

PHYSICAL REVIEW LETTERS 135, 262501 (2025)

262501-5

Phys. Rev. Lett. 135, 262501 (2025), KamLandZen

mββ =

∣∣∣∣∣
3∑

i=1

∣∣U2
ei

∣∣ e iϕimi

∣∣∣∣∣
NME theoretical
uncertainties introduce large
uncertainties in the
interpretation of T0ν

1/2 in
terms of mββ

Prevent to determine
accurately the expected
sensitivities of future
experiments

Experimental inputs to constrain nuclear models are critical to
assess mββ
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2νββ becomes the signal
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Fig. 3 Distributions of two-electron summed kinetic energy and the
opening angle between two electron tracks in 100Mo foils after an expo-
sure of 34.3 kg year. Data are compared to the MC prediction of the

SSD model (see text), where the resulting event numbers are taken from
a binned log-likelihood fit
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Fig. 3 Distributions of two-electron summed kinetic energy and the
opening angle between two electron tracks in 100Mo foils after an expo-
sure of 34.3 kg year. Data are compared to the MC prediction of the

SSD model (see text), where the resulting event numbers are taken from
a binned log-likelihood fit
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2νββ spectrum

LÉONARD IMBERT 9

Excellent signal to background ratio
Allows for :
• Precise measurement of the 2νββ half life
• Studies of the spectral shape

CUPID-Mo PRL 131,162501 (2023)

2νββ spectrum

LÉONARD IMBERT 9

Excellent signal to background ratio
Allows for :
• Precise measurement of the 2νββ half life
• Studies of the spectral shape

of the background distributions are treated as nuisance
parameters, and their uncertainties are propagated by
profiling. The test statistic distributions are evaluated with
Monte Carlo techniques, generating a set of GERDA
pseudo-experiments assuming different signal hypotheses.
These distributions are used to extract the 68% probability
interval on the number of 2νββ counts.
In this analysis’ scope, reducing the background to a

minimal level is crucial, and the LAr veto cut plays a
fundamental role in achieving this. A background model
after the LAr veto cut has been developed in [30] and used
in this work, as in our previous one [35]. It includes
separate model components for 228Ac, 228Th, 214Bi, 60Co,
and 40K decays, two model components for 42K decay, one
for the decay in the LAr volume and one for the decay very
close to detector surfaces, and finally, a linear distribution
for the decay of α particles on the pþ electrode surface. To
obtain the probability distributions of signal and back-
ground sources after the LAr veto cut, the simulation of the
LAr scintillation light production and detection chain was
implemented in the GEANT4 -based simulation framework
MaGe [37]. The determination of the LAr veto condition for
Monte Carlo events is described in detail in [30].
Figure 3 shows the experimental data and the total best-

fit model. The contributions to the total fit model of the
2νββ decay and the background are also shown separately.
The residual background after the LAr veto cut is extremely
low, and the signal-to-background ratio, excluding the two
prominent γ lines from 40K and 42K, is 22∶1, while it was
only 2∶1 in the same energy range according to the
background model before analysis cut [38]. Thus, the
LAr veto cut reduces the background of more than a factor
10 in the energy region dominated by the 2νββ decay, as
already pointed out in [30,35]. The residuals are shown at

the bottom of Fig. 3 in units of standard deviation. Their
distribution is compatible with a Gaussian distribution
centered at 0 and with a width equal to 1.
The best-fit value and 68% probability interval on the

number of 2νββ counts, extracted from the observed test
statistic, is N2ν ¼ ð16911� 147stat � 112systÞ counts in the
fit range. The systematic uncertainty here accounts for the
contributions that affect the energy distribution of signal
and background and, in turn, the estimation of N2ν from the
fit. These are folded into the analysis during the compu-
tation of the test statistic distribution (See prior-predictive
method in Refs. [36,39]). Each time a pseudo-experiment is
generated, a new generative model is created by sampling
the model parameters from prior distributions. As a result
of this procedure, the tail of the test statistic is widened, and
the systematic uncertainties are naturally incorporated in
the result of the statistical inference.
The energy distribution of the background depends on

the location of the background contamination. Different
peak-to-Compton values are expected for γ decays very
close to the detectors or far from them, as well as for events
depositing energy in the bulk volume or close to the
surface. As stated above, the background model after
the LAr veto cut includes a minimal set of locations for
the background components [30]. In the Monte Carlo
generation of the pseudo-experiments, the location of each
background contribution is uniformly sampled among all
the locations identified in [38]. The resulting systematic
uncertainty on the determination of N2ν is �0.62%, as
summarized in Table II.
The response of the LAr veto instrumentation also

affects the shape of the background probability distribu-
tions. Uncertainties in the optical parameters used for the
Monte Carlo simulation affect the probability of detecting
the scintillation light depending on the point where the
emission takes place in the LAr. The uncertain parameters
include, among others, the LAr attenuation length and the
reflectivity of materials in the detector array. Macroscopic
properties of the background distributions, such as the
peak-to-Compton ratio, are modified by these parameters.

FIG. 3. Best-fit background and signal decomposition of the
energy distribution of 11.8 kg yr of data from GERDA Phase II
after applying the liquid argon veto cut. In the bottom panel, the
difference between data and model normalized over the expected
Poisson standard deviations is shown together with 68%, 95%,
and 99% confidence intervals.

TABLE II. Summary of the systematic uncertainties affecting
the 2νββ decay half-life estimate.

Source Uncertainty

Background model �0.62%
Liquid argon veto model �0.21%
nþ detector contact model < 0.1%
Theoretical 2νββ decay model �0.13%

Sub Total (fit model) �0.66%

Active volume �1.8%
Enrichment fraction �0.3%

Total �1.9%
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interval on the number of 2νββ counts.
In this analysis’ scope, reducing the background to a
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ground sources after the LAr veto cut, the simulation of the
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MaGe [37]. The determination of the LAr veto condition for
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only 2∶1 in the same energy range according to the
background model before analysis cut [38]. Thus, the
LAr veto cut reduces the background of more than a factor
10 in the energy region dominated by the 2νββ decay, as
already pointed out in [30,35]. The residuals are shown at

the bottom of Fig. 3 in units of standard deviation. Their
distribution is compatible with a Gaussian distribution
centered at 0 and with a width equal to 1.
The best-fit value and 68% probability interval on the

number of 2νββ counts, extracted from the observed test
statistic, is N2ν ¼ ð16911� 147stat � 112systÞ counts in the
fit range. The systematic uncertainty here accounts for the
contributions that affect the energy distribution of signal
and background and, in turn, the estimation of N2ν from the
fit. These are folded into the analysis during the compu-
tation of the test statistic distribution (See prior-predictive
method in Refs. [36,39]). Each time a pseudo-experiment is
generated, a new generative model is created by sampling
the model parameters from prior distributions. As a result
of this procedure, the tail of the test statistic is widened, and
the systematic uncertainties are naturally incorporated in
the result of the statistical inference.
The energy distribution of the background depends on

the location of the background contamination. Different
peak-to-Compton values are expected for γ decays very
close to the detectors or far from them, as well as for events
depositing energy in the bulk volume or close to the
surface. As stated above, the background model after
the LAr veto cut includes a minimal set of locations for
the background components [30]. In the Monte Carlo
generation of the pseudo-experiments, the location of each
background contribution is uniformly sampled among all
the locations identified in [38]. The resulting systematic
uncertainty on the determination of N2ν is �0.62%, as
summarized in Table II.
The response of the LAr veto instrumentation also

affects the shape of the background probability distribu-
tions. Uncertainties in the optical parameters used for the
Monte Carlo simulation affect the probability of detecting
the scintillation light depending on the point where the
emission takes place in the LAr. The uncertain parameters
include, among others, the LAr attenuation length and the
reflectivity of materials in the detector array. Macroscopic
properties of the background distributions, such as the
peak-to-Compton ratio, are modified by these parameters.

FIG. 3. Best-fit background and signal decomposition of the
energy distribution of 11.8 kg yr of data from GERDA Phase II
after applying the liquid argon veto cut. In the bottom panel, the
difference between data and model normalized over the expected
Poisson standard deviations is shown together with 68%, 95%,
and 99% confidence intervals.

TABLE II. Summary of the systematic uncertainties affecting
the 2νββ decay half-life estimate.

Source Uncertainty

Background model �0.62%
Liquid argon veto model �0.21%
nþ detector contact model < 0.1%
Theoretical 2νββ decay model �0.13%

Sub Total (fit model) �0.66%

Active volume �1.8%
Enrichment fraction �0.3%

Total �1.9%
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previous analysis. Our MC study shows that ð44.0� 8.7Þ%
of long-lived spallation backgrounds are classified as LD,
whereas only 8.9% of uncorrelated events are misclassified.
The total live time for SD and LD in KamLAND-Zen 800

is 1133 days and 111 days, respectively. This is the effective
measurement time considering the space and time cuts
described in the background section. The total exposure
of SD, which is sensitive to the 0νββ signal, is 2.1 ton yr
of 136Xe, more than double the amount of the previous
search [3]. The 0νββ decay rate is estimated from a
simultaneous likelihood fit (Statistics section in Ref. [29])
to the binned energy spectra of SD and LD between 0.5
and 4.8 MeV, where systematic uncertainties are profiled in
the likelihood. The binned energy spectra are made by
dividing the 2.5-m-radius fiducial volume into 40 equal-
volume bins, as illustrated in Fig. 1. The time variation of
event rates is also considered in the fit. The contributions
from major backgrounds in the Xe-LS, such as 85Kr, 40K,
210Bi, the 228Th-208Pb subchain of the 232Th series, and long-
lived spallation products, are free parameters and are left
unconstrained in the spectral fit. The contributions from the
222Rn-210Pb subchain of the 238U series and short-lived
spallation products are constrained by their independent
measurements [30]. The parameters of the detector energy
response model are constrained by 214Bi data. For the long-
lived spallation products an energy spectral distortion
parameter based on linear rescaling is applied and con-
strained by its estimated uncertainty (Fig. 10 in Ref. [26]).

Figure 2 shows the energy spectra of selected candidate
SD and LD events within a 1.57-m-radius spherical volume
together with the best-fit curves. The exposure of 136Xe for
SD in this reduced volume is 1.13 ton yr. The best-fit
background contributions are summarized in Table I. The
0νββ signal best fit is 0 events, indicating no event excess
over the background expectation. Based on a profile like-
lihood method, we obtain a 90% confidence level (CL)
upper limit on the number of 0νββ decays of < 9.7 events
(< 7.8 events in the range 2.35 < E < 2.70 MeV), which
corresponds to a limit of < 8.8 ðton yrÞ−1 in units of 136Xe
exposure, or T0νββ

1=2 > 3.5 × 1026 yr (90% CL). An analysis
based on the Feldman-Cousins procedure [31] gives a
slightly stronger limit of 4.3 × 1026 yr (90%CL), indicating
that the physical boundary at zero has only a limited impact
on the 0νββ rate estimate, even with low statistics. An MC
simulation of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indi-
cates a median sensitivity of 2.2 × 1026 yr. The probability
of obtaining a limit stronger than that reported here is 20%.
In addition to the frequentist analyses above, we also
performed a statistical analysis within the Bayesian frame-
work, assuming a flat prior for 1=T0νββ

1=2 . The Bayesian limit

and median sensitivity are 3.4 × 1026 yr and 2.4 × 1026 yr
(90% CL), respectively.
Figure 3 shows the allowed region of the 136Xe 0νββ rate

and the long-lived spallation background rate from a
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FIG. 2. Energy spectra of selected ββ candidates within a
1.57-m-radius spherical volume drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% CL upper
limit for 0νββ decay of (a) singles data (SD), and (b) long-lived
data (LD). The LD exposure is about 10% of the SD exposure.

TABLE I. Summary of the estimated and best-fit background
contributions in the energy region 2.35 < E < 2.70 MeV within
the 1.57-m-radius spherical volume. In total, 60 events were
observed.

Background Estimated Best-fit

136Xe 2νββ 27.6� 0.2a 27.68

Residual radioactivity in Xe-LS
238U series 0.08� 0.01 0.08
232Th series � � � 1.35

External (Radioactivity in IB)
238U series � � � 6.61
232Th series � � � 0.04

Neutrino interactions
8B solar νe− ES 3.57� 0.09 3.58

Spallation products

Long-lived 17.82� 1.30a 20.27
10C 0.00� 0.05 0.00
6He 0.54� 0.27 0.56
137Xe 0.72� 0.60 0.71

aEstimations based on the previous half-life measurements
(136Xe2νββ) and the spallation MC study (long-lived). Those
event rate constraints are not applied in the spectral fit.

PHYSICAL REVIEW LETTERS 135, 262501 (2025)

262501-4

KamLandZen PRL 135, 262501 (2025)
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2νββ rate and the quenching issue

Γ2ν =
1

T 2ν
1/2

≃ G2ν · |M2ν |2︸ ︷︷ ︸
M2ν ·g2

2ν

Single β and 2νββ theoretical rates systematically overpredict
experimental rates → M2ν is overestimated

Quenching of gA (g2ν) ?

The situation is more clear today:

Ab initio or first principles nuclear structure methods, exploiting
increasing computational performances, could describe β decay
half-lives of light nuclei without any adjustments ⇒
There is a deficiency in the other many-body approaches due to
approximations

So far limited benchmarking with experimental data
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2νββ improved model

Γ2ν ≃ G0 · |M2ν
GT |2(g eff

A )4

+ ξ31G2 · |M2ν
GT |2(g eff

A )4

+
1

3
ξ231G22|M2ν

GT |2(g eff
A )4

+
(1
3
ξ231 + ξ51

)
G4|M2ν

GT |2(g eff
A )4

Taylor expansion in the lepton energies. [Phys. Rev. C 97, 034315 (2018)]

ξ31 =
MGT−3

MGT

ξ51 =
MGT−5

MGT

subleading 2νββ matrix elements
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Experimental inputs to nuclear models : KamLand Zen

The shape of the 2νββ spectrum constrains ξ31 =
MGT−3

MGT

Phys. Rev. Lett. 122, 192501 (2019)

ξ31 < 0.26 at 90 % C.L

Shell model predictions well
consistent with 90% upper limit

QRPA predictions consistent
with upper limit, small region in
g eff is excluded

0νββ and measurements with 2νββ Rencontres de Noirmoutier 11 / 17



Experimental inputs to nuclear models : Cupid-Mo

ξ3,1 = 0.45± 0.03(stat.)± 0.05(syst.)

Under HSD ξ3,1 = 0.
Disfavoured by 8 σ

Under SSD ξ3,1 = 0.368.
Compatible at 1.4 σ

Shell Model mildly incompatible
(∼ 2.1 σ)

pn-QRPA compatible if the
value of g eff

A is moderately
quenched (> 0.8) or
unquenched.
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Phys. Rev. Lett. 131, 162501 (2023)

First measurement of ξ3,1 and gA,eff based on 2νββ spectral shape study
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Beyond Standard Model
measurements with 2νββ
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Sterile neutrinos

Neutrinos in the SM are massless left-handed fermions
Simple extension of the SM: add spin 1/2 right-handed neutrinos, or
sterile neutrinos, with mass Mheavy

M. Shaposhnikov, J.Phys.Conf.Ser. 408 (2013) 012015

Type-I seesaw mechanism can simultaneously
explain

Smallness of the SM neutrino mass
baryogenesis via leptogenesis
dark matter if one RH neutrino has a mass in
the keV range

(for ex: Phys. Rev. D 100, 075029 (2019), Int. J. Mod. Phys. E 22, 1330019 (2013))
Mheavy

mlight
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Sterile neutrinos and 2νββ

Sterile neutrinos can be produced in
any decay involving ν’s

Kinematically possible in 2νββ if
sterile neutrino mass MN < Qββ

It would distort the 2νββ shape

24 Chapter 1. Double-β decays as probe for new physics

u u
d d
d u

d u
d d
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eL
νL
eL
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W−

W−

(A)

u u
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(B)

u u
d d
d u

d u
d d
u u

eR
νR
eR
νR

(C)

FIGURE 1.9: Feynman diagrams of the double-β decay (A) with two
left-handed currents, i.e. the SM 2νββ decay, (B) with one exotic
right-handed current, and (C) with two exotic right-handed currents.
Adapted from [189].

diagrams shown in figure 1.9: the SM second-order transition with two left-handed
interactions with strength given by G2

F (figure 1.9a), a transition involving one exotic
right-handed interaction with strength ϵXR G2

F (figure 1.9b), and a second-order tran-
sition with two exotic right-handed interactions with strength ϵ2

XR G2
F (figure 1.9c).

To the lowest order in the exotic coupling, the dominant contributions to the decay
rate are from the first and second diagrams. In contrast, any interference term be-
tween the SM contribution and the exotic diagrams is helicity suppressed by the
tiny neutrino mass, thus negligible. Contributions to the second-order in the exotic
coupling are even more strongly suppressed by the tiny neutrino mass, thus also
negligible [189].

The decay rate can be expressed as the incoherent sum:

Γ2ν = ΓSM + ϵ2
XR Γϵ , (1.23)

where the first term is the SM decay rate and the second term is the contribution of
right-handed current to the decay rate, suppressed by the coupling ϵXR. Both the
phase-space factor and the NME differ in the SM decay rate and the exotic contribu-
tion. Thus, the presence of right-handed currents in double-β decay changes both
the total decay rate and the shape of the energy spectrum. Nevertheless, given the
uncertainties in the NME calculations, the change in the total decay rate is not ex-
pected to be measurable. Instead, experiments may be sensitive to the change in the
spectral shape. Figure 1.10 shows the 2νββ decay distribution in the SM compared
to the distribution arising from the presence of right-handed currents. The deviation
includes a spectrum shift to smaller energy and a flatter profile near Qββ.

1.7.2 Neutrino self-interaction

The Hubble tension indicates the discrepancy between Cosmic Microwave Back-
ground (CMB) and the local measurement of the Hubble constant. This tension has
grown to about 4σ, and if confirmed, it would require new physics BSM or a new
cosmological model [195, 196].

SM 2νββ with one sterile

Exotic double-β decays

9
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Sterile neutrinos limits from 2νββ in Cupid-Mo and
GERDA

2νββ can explore the region in the sub-GeV range

BSM results are affected by the standard 2νββ spectrum we use.

Results: Sterile neutrino emission

39

❖ First limit on sterile neutrino mixing angles 
from a bolometric experiment  

❖ The large  of 100Mo allows to investigate a 
larger range 

❖ The uncertainties on the 2νββ shape affects 
mostly the low values of 

Qββ

mN
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Sensitivity: Sterile neutrino emission
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Summary

The uncertainty in the nuclear matrix elements introduces large
uncertainties in T 0νββ

1/2 interpretation in terms of mββ .

On the other hand, M2ν is overestimated (”quenching problem”). Ab
initio methods provides proper answer, still:

→ Need for experimental inputs to constrain or tune nuclear models

Thanks to large statistics of 2νββ collected by 0νββ experiments in
the last 10 years, we can use 2νββ spectrum to give inputs to nuclear
models.

2νββ spectral shape also can be used to put limits on beyond
standard model processes, like sterile neutrinos.

Potential for competitive results from next generation 0νββ
experiments
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The see-saw mechanism
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The see-saw mechanism
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2νββ decay

(A,Z) → (A, Z+2) + 2e− + 2ν̄e
2νββ is observable in nuclei where single β decay is forbidden
energetically due to nuclear pairing interaction

J. H. THIES et al. PHYSICAL REVIEW C 86, 044309 (2012)

decay experiments, NEMO3 [44] and MOON [45–50], and
for the 2νββ decay NEMO3 [51,52] has already collected the
largest statistics of any ββ decay experiment. This is reflected
by the most accurate determination of the 100Mo half-life,
T 2ν

1/2 = 7.11±0.02(stat)
±0.54(syst) × 1018yr [53].

The 2νββ decay half-life is composed of a phase-space
factor and the ββ decay matrix element via

(
T 2ν

1/2

)−1 = G2ν(Qββ,Z)
∣∣M2ν

DGT

∣∣2
, (1)

M2ν
DGT =

∑
m

Mm(GT+)Mm(GT−)
1
2Qββ + Em − E0

, (2)

where the sum is constructed from two successive single β

decay matrix elements in the β+ and β− directions. The energy
denominator contains the energy release Qββ of the decay, as
well as the energy difference between the excited state of the
intermediate nucleus and the initial ground state. Taking the
phase-space factor from Ref. [3] and using the slightly revised
value for the axial-vector coupling constant gA = −1.2694
[54], the Gamow-Teller ββ decay matrix element takes the
value M2ν

DGT = 0.240(1) MeV−1. This is the largest known
2νββ matrix element among all ββ decaying nuclei, and
therefore likely points to some special properties of 100Mo.
One may further note that the matrix element leading to the
first excited 0+ state at Ex = 1.130 MeV in 100Ru is equally
large [53]. The situation showing the relevant decay quantities
of 100Mo is sketched in Fig. 1.

The first charge-exchange reaction on 100Mo was reported
in Ref. [20] using the (3He,t) probe at 450 MeV, however,
resolution was limited to about 300 keV. A strong GT transition
to the ground state of 100Tc with a strength of B(GT)= 0.33(4)
was observed, as well as two broad transitions at 1.4 and
2.6 MeV with a combined strength of B(GT)= 0.36(4). It
was conjectured that a substantial fraction of the 2νββ matrix
element in Eq. (2) was composed of the ground-state transition,
since the f t value of the β− decay branch [i.e., 100Tc→100Ru
(g.s.)], which is needed to calculate the matrix element,
was accurately known. The large ground-state B(GT) value
together with the low capture Q value of 168 keV makes 100Mo
also a potentially attractive material for neutrino detection of
either supernova or solar neutrinos [45,46,49,50].

100Mo
100Tc

100Ru

0+

0+

Jπ

2−

1+

1+

 g.s.

Qββ = 3034.40(17)

FIG. 1. Schematic representation of the ββ decay of 100Mo to the
ground state and the first excited 0+ state of 100Ru. The ββ decay Qββ

value has been taken from Ref. [58]. In the 2νββ decay mode only
the intermediate 1+ states contribute.

Several attempts have been made to directly measure the
logf t of the weak 100Tc 15.3 s electron-capture (EC) decay
[55] at a radioactive beam facility by determining the EC
branching ratio via the detection of the 100Mo Kα,β X-rays
[56,57]. The most recent branching ratio measurement is
reported in Ref. [57] as BR(EC)= 2.6(4) × 10−5, which trans-
lates into a 100Mo→100Tc GT transition strength of B(GT)=
0.60(9) (note that the B(GT) values presented here do not in-
clude the g2

A = 1.2552 factor used in Ref. [57]). Clearly, there
is a discrepancy to the above quoted charge-exchange value of
about 80%. The origin of this discrepancy is not known.

The present charge-exchange reaction experiment therefore
constitutes another attempt to measure the GT distribution at
substantially increased resolution with the hope to resolve the
above mentioned discrepancy. The data will further provide
spectroscopic input to the nuclear matrix element calculations
of ββ decay.

II. EXPERIMENT

The experiment was performed at the Osaka University
Research Center for Nuclear Physics (RCNP). A 420 MeV
3He beam accelerated by the AVF and the Ring cyclotron was
focused onto the target located in the scattering chamber at the
entrance of the Grand Raiden magnetic spectrometer (GRS).
The WS beam line [59] provided the necessary dispersion
for the beam for best energy resolution [60]. Several tuning
techniques for the dispersion matching between beam line
and spectrometer were employed to optimize momentum and
angle resolution [61–63]. Outgoing tritons were momentum
analyzed in the GRS with its full acceptance of ±20 mrad
in horizontal and ±40 mrad in vertical direction. Reaction
particles were detected in the focal plane by a set of multiwire
drift chambers (MWDC) followed by two thin (3 and 10 mm)
plastic scintillators [60,64]. The MWDCs were used to
reconstruct the particle trajectories and the plastic scintillators
for providing trigger signals and for particle identification.

A 1.00 mg/cm2 thin Mo foil isotopically enriched in 100Mo
to 95.9(1)% was used as a target. The energy calibration was
performed using a separate 26Mg and a natSi target, which
feature well-known states over a large momentum byte. The
accuracy of the energy calibration in the final 100Mo spectra
was about ±1 keV. Small traces of carbon in the target provided
another calibration point from the 12C(3He,t)12N reaction. The
ground state of 12N appears at 17.170 MeV in the excitation-
energy frame of 100Mo.

Data were taken at two spectrometer-angle settings, i.e.,
0◦ and 2.5◦, which allowed generating angular distributions
ranging from about 0◦ − 4◦. Off-line aberration corrections
were applied to achieve a final energy resolution of 33 keV.

III. ANALYSIS

Excitation-energy spectra of the 100Mo(3He,t)100Tc reac-
tion are shown in Fig. 2 for three angle cuts stacked on top
of each other to indicate the angular-distribution effect. The
spectra are dominated by a strong transition to the ground state
and to the IAS at Ex = 11.085 MeV, which resides on the
low-energy tail of the Gamow-Teller giant resonance (GTR)

044309-2

Directly observed, with T 2νββ
1/2

between 1019 - 1021 years

48Ca → 48Ti
76Ge → 76Se
82Se → 82Kr
96Zr → 96Mo

100Mo → 100Ru
116Cd → 116Sn
130Te → 130Xe
136Xe → 136Ba
150Nd → 150Sm
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Uncertainty in 0νββ sensitivity comes from NME’s

M0ν relates to the nuclear structure of the initial and final state nuclei
→ we need to consider an N-body problem
Difficult to calculate accurately. Differences ∼ factor 3 depending on
the nuclear models

TESTING THE INVERTED NEUTRINO MASS ORDERING … PHYSICAL REVIEW C 104, L042501 (2021)
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FIG. 1. Comparison of mββ 99.7%-CL discovery and 90%-CL median exclusion sensitivities for different isotopes at stated half-life
sensitivities [30,31,48], grouped by nuclear many-body frameworks with matrix element ranges from Table I. The horizontal bands show
the variation on (mmin

ββ )IO under variation of the neutrino oscillation parameters.

matrix element. Weighted averages are also problematic, as
the weight given to each calculation would be to some extent
arbitrary. Given the lack of objective criteria to compare ex-
perimental sensitivities in different isotopes, and the lack of a
clear estimate of the uncertainties, we advocate to refrain from
ranking experiments’ reach quantitatively, and focus instead
on the fact that we have a global, multi-isotope endeavor that
will fully test the inverted-ordering scenario.

A broad effort to reduce uncertainties is ongoing within the
nuclear theory community, with significant advances made in
the last few years. Ab initio calculations that incorporate wider
nuclear correlations and two-body currents have recently suc-
ceeded in predicting single-β decay rates [49] with no need for
“quenching”—an ad hoc reduction of the value of calculated
matrix elements involving the nuclear spin required by less
sophisticated calculations [13]. The first available ab initio
0νββ matrix element calculations in medium-sized nuclei,
supported by studies in lighter systems [50,51], indicate a
relatively mild suppression by tens of percent with respect
to the lower limit of the ranges given in Table I [52]. Ef-
forts are underway to improve the quality of these results,
extend them to heavier nuclei, and include two-body cur-
rents at finite momentum transfers [53]. On the other hand,
the contact term introduced in Refs. [34,54], which until
recently went unrecognized, is a leading-order contribution
to M. Effective field theory and ab initio nuclear structure
provide a scheme for estimating this contribution [55,56]. A
first study in 48Ca suggests that this term can enhance M by
about 40% percent [57], leading to a faster decay rate. In
heavier systems, preliminary results suggest a roughly simi-
lar impact for all 0νββ isotopes, only slightly dependent on
the nuclear many-body method [58]. Complementary studies
using, e.g., lattice QCD [59,60] will test whether this claimed

enhancement is robust. If so, it may compensate the reduc-
tion in decay rate due to the inclusion of the “quenching”
physics, leading to a picture similar to the one represented
by Fig. 1. Thus, should the current theoretical results be
confirmed, the proposed global 0νββ decay experimental ef-
fort would still fully probe the inverted-ordering parameter
space.

In this Letter, we have focused on the inverted-ordering
scenario as a prominent goalpost for the proposed experi-
mental 0νββ decay program. However, the discovery power
of these experiments is high even assuming other, equally
reasonable scenarios. By reaching a sensitivity of the order of
tens of meV, these searches will probe a significant fraction
of the remaining parameter space for left-handed neutrino
exchange even if neutrino masses follow the normal ordering.
Bayesian analyses suggest up to 50% discovery probabilities
for the normal ordering scenario [61,62], and a nonvanishing
discovery probability even assuming the most unfavorable
value of the Majorana phases [63]. Significant advancement
would also be made in probing the exchange of heavy me-
diators. For many such models, 0νββ decay searches probe
energy scales beyond the reach of current accelerator tech-
nology [9]. Additional physics mechanisms could completely
change the parameter space of interest, potentially even in-
creasing the discovery power of future experiments [64–67].
In general, pushing 0νββ decay sensitivity to increasingly
large half-life values explores uncharted territory, and new
physics could manifest at any time.
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Elliott for valuable discussions. This work has been supported
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NME theoretical
uncertainties introduce large
uncertainties in the
interpretation of T0ν

1/2 in
terms of mββ

Prevent to determine
accurately the expected
sensitivities of future
experiments

Experimental inputs to constrain nuclear models are critical to
assess mββ
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What can we learn from 2νββ ?

0νββ and 2νββ involve same initial and final states, but permitted
momentum transfers are larger in 0νββ
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We can use 2νββ data to constraint 0νββ NME’s!
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2νββ becomes the signal

Starting in ∼2015 0νββ experiments exploiting higher exposures,
lower backgrounds and improvements in the measurement techniques
start to measure 2νββ spectra with high precision.

Precise 
2νββ meas. 

Limits on BSM 
processes 
Limits on BSM 
processes 

Studies of 
spectral shape  
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Theoretical issues : gA quenching?

2νββ rate: (
T 2ν
1/2

)−1
= G2ν · |M2ν |2 · g4

2ν︸ ︷︷ ︸
Single β and 2νββ theoretical rates overpredict experimental rates →
|M2ν |2 · g4

2ν overestimated

What is the impact for 0νββ decay?

Quenching of gA w.r.t bare nucleon = 1.27? g2ν ̸= g0ν
Too large NME’s?

Both are related, we should consider gA x NME

Possible interpretation: quenching of gA g2ν ̸= g0ν
Generally speaking, uncertainties in nuclear models introduce
large uncertainties in 0νββ predictions

2νββ spectrum is useful to extract observables to constrain nuclear models
0νββ and measurements with 2νββ Rencontres de Noirmoutier 8 / 18



2νββ theoretical description

Here I would like to start with the general expression :

dΓ

dE1dE2
∝ F0(Z ,E1)F0(Z ,E2)p1p2

∫ Ei−Ef −E1−E2

0
E 2
ν1E

2
ν2A

2νdEν1 , (1)

where F0(Z ,E1) is the Fermi function, E1, E2, p1, p2 are the two electron
energies and momenta, Eν2 , Eν1 are the two neutrino energies and Ei , Ef

the energies of the initial and final states. A2ν involves matrix elements
which depend on the lepton energies and on the sum over possible states
of the intermediate nucleus:

A2ν =
1

4
|MK

GT +ML
GT |2 +

1

12
|MK

GT −ML
GT |2. (2)

Here MK ,L
GT are the Gamow Teller matrix elements given by:

MK ,L
GT = me

∑
n

〈
0+F

∣∣ |τ+m σ⃗m|
∣∣1+n 〉 | 〈1+n ∣∣ |τ+m σ⃗m|

∣∣0+I 〉 Cn

C 2
n − ϵ2K ,L

, (3)

where the sum goes over all possible states of the intermediate nucleus.〈
0+F

∣∣ is the state of the final nucleus, |1+n ⟩ are all possible states of the
intermediate nucleus and

∣∣0+I 〉 is the state of the initial nucleus. σ⃗ are the
Pauli matrices and τ+ the isospin matrix, Cn= En − (Ei + Ef )/2. The
lepton energies are taken into account in the matrix elements in the terms:

ϵK = (E2 + Eν2 − E1 − Eν1)/2, (4)

ϵL = (E1 + Eν2 − E2 − Eν1)/2. (5)
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2νββ theoretical description

In full generality,

dΓ2ν

dE1dE2
∝

∫ Ei−Ef −E1−E2

0
E 2
ν1E

2
ν2A

2νdEν1

A2ν is a sum of the matrix elements, relating Final and Initial nuclear
states and all possible states of the intermediate nucleus:

MK ,L
GT = me

∑
n

⟨Final | |τ+m σ⃗m|
∣∣1+n 〉 | 〈1+n ∣∣|τ+m σ⃗m| |Initial⟩

Cn

C 2
n − ϵ2K ,L

(6)

And Cn= En − (Ei + Ef )/2.
This is a problem. A factorization is possible under some approximations:

SSD, Single State Dominance: decay goes through the lowest 1+

state of the intermediate nucleus.
HSD, High State Dominance: lepton energies are neglected w.r.t
energies of intermediate states

dΓ

dE1dE2
∝

matrix element︷ ︸︸ ︷
|M2ν

GT |
2

∫ Ei−Ef −E1−E2

0
E 2
ν1E

2
ν2dEν1︸ ︷︷ ︸

phase space

. (7)
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2νββ theoretical description

(
T 2ν
1/2

)−1
= G2ν · |M2ν |2 · g4

2ν

This factorization is possible only under some approximations:

SSD, Single State Dominance: decay goes through the lowest 1+ state
of 100Tc
HSD, High State Dominance: lepton energies are neglected w.r.t
energies of intermediate states of 100Tc nucleus
The choice affects the theoretical spectral shapes

J. H. THIES et al. PHYSICAL REVIEW C 86, 044309 (2012)

decay experiments, NEMO3 [44] and MOON [45–50], and
for the 2νββ decay NEMO3 [51,52] has already collected the
largest statistics of any ββ decay experiment. This is reflected
by the most accurate determination of the 100Mo half-life,
T 2ν

1/2 = 7.11±0.02(stat)
±0.54(syst) × 1018yr [53].

The 2νββ decay half-life is composed of a phase-space
factor and the ββ decay matrix element via

(
T 2ν

1/2

)−1 = G2ν(Qββ,Z)
∣∣M2ν

DGT

∣∣2
, (1)

M2ν
DGT =

∑
m

Mm(GT+)Mm(GT−)
1
2Qββ + Em − E0

, (2)

where the sum is constructed from two successive single β

decay matrix elements in the β+ and β− directions. The energy
denominator contains the energy release Qββ of the decay, as
well as the energy difference between the excited state of the
intermediate nucleus and the initial ground state. Taking the
phase-space factor from Ref. [3] and using the slightly revised
value for the axial-vector coupling constant gA = −1.2694
[54], the Gamow-Teller ββ decay matrix element takes the
value M2ν

DGT = 0.240(1) MeV−1. This is the largest known
2νββ matrix element among all ββ decaying nuclei, and
therefore likely points to some special properties of 100Mo.
One may further note that the matrix element leading to the
first excited 0+ state at Ex = 1.130 MeV in 100Ru is equally
large [53]. The situation showing the relevant decay quantities
of 100Mo is sketched in Fig. 1.

The first charge-exchange reaction on 100Mo was reported
in Ref. [20] using the (3He,t) probe at 450 MeV, however,
resolution was limited to about 300 keV. A strong GT transition
to the ground state of 100Tc with a strength of B(GT)= 0.33(4)
was observed, as well as two broad transitions at 1.4 and
2.6 MeV with a combined strength of B(GT)= 0.36(4). It
was conjectured that a substantial fraction of the 2νββ matrix
element in Eq. (2) was composed of the ground-state transition,
since the f t value of the β− decay branch [i.e., 100Tc→100Ru
(g.s.)], which is needed to calculate the matrix element,
was accurately known. The large ground-state B(GT) value
together with the low capture Q value of 168 keV makes 100Mo
also a potentially attractive material for neutrino detection of
either supernova or solar neutrinos [45,46,49,50].

100Mo
100Tc

100Ru

0+

0+

Jπ

2−

1+

1+

 g.s.

Qββ = 3034.40(17)

FIG. 1. Schematic representation of the ββ decay of 100Mo to the
ground state and the first excited 0+ state of 100Ru. The ββ decay Qββ

value has been taken from Ref. [58]. In the 2νββ decay mode only
the intermediate 1+ states contribute.

Several attempts have been made to directly measure the
logf t of the weak 100Tc 15.3 s electron-capture (EC) decay
[55] at a radioactive beam facility by determining the EC
branching ratio via the detection of the 100Mo Kα,β X-rays
[56,57]. The most recent branching ratio measurement is
reported in Ref. [57] as BR(EC)= 2.6(4) × 10−5, which trans-
lates into a 100Mo→100Tc GT transition strength of B(GT)=
0.60(9) (note that the B(GT) values presented here do not in-
clude the g2

A = 1.2552 factor used in Ref. [57]). Clearly, there
is a discrepancy to the above quoted charge-exchange value of
about 80%. The origin of this discrepancy is not known.

The present charge-exchange reaction experiment therefore
constitutes another attempt to measure the GT distribution at
substantially increased resolution with the hope to resolve the
above mentioned discrepancy. The data will further provide
spectroscopic input to the nuclear matrix element calculations
of ββ decay.

II. EXPERIMENT

The experiment was performed at the Osaka University
Research Center for Nuclear Physics (RCNP). A 420 MeV
3He beam accelerated by the AVF and the Ring cyclotron was
focused onto the target located in the scattering chamber at the
entrance of the Grand Raiden magnetic spectrometer (GRS).
The WS beam line [59] provided the necessary dispersion
for the beam for best energy resolution [60]. Several tuning
techniques for the dispersion matching between beam line
and spectrometer were employed to optimize momentum and
angle resolution [61–63]. Outgoing tritons were momentum
analyzed in the GRS with its full acceptance of ±20 mrad
in horizontal and ±40 mrad in vertical direction. Reaction
particles were detected in the focal plane by a set of multiwire
drift chambers (MWDC) followed by two thin (3 and 10 mm)
plastic scintillators [60,64]. The MWDCs were used to
reconstruct the particle trajectories and the plastic scintillators
for providing trigger signals and for particle identification.

A 1.00 mg/cm2 thin Mo foil isotopically enriched in 100Mo
to 95.9(1)% was used as a target. The energy calibration was
performed using a separate 26Mg and a natSi target, which
feature well-known states over a large momentum byte. The
accuracy of the energy calibration in the final 100Mo spectra
was about ±1 keV. Small traces of carbon in the target provided
another calibration point from the 12C(3He,t)12N reaction. The
ground state of 12N appears at 17.170 MeV in the excitation-
energy frame of 100Mo.

Data were taken at two spectrometer-angle settings, i.e.,
0◦ and 2.5◦, which allowed generating angular distributions
ranging from about 0◦ − 4◦. Off-line aberration corrections
were applied to achieve a final energy resolution of 33 keV.

III. ANALYSIS

Excitation-energy spectra of the 100Mo(3He,t)100Tc reac-
tion are shown in Fig. 2 for three angle cuts stacked on top
of each other to indicate the angular-distribution effect. The
spectra are dominated by a strong transition to the ground state
and to the IAS at Ex = 11.085 MeV, which resides on the
low-energy tail of the Gamow-Teller giant resonance (GTR)

044309-2
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2νββ improved model

Improved model from Šimkovic et al (PRC97 (2018) 034515),
Taylor expansion in the lepton energies of 2νββ decay rate:

dΓ

dE
= (g eff

A )4|MGT−1|2
(dG0

dE
+ ξ31

dG2

dE
+

1

3
ξ231

dG22

dE
+
(1
3
ξ231 + ξ51

)dG4

dE

)
geffA effective axial vector coupling constant, tuned to reproduce
experimental T2ν

1/2

ξ31 =
MGT−3

MGT−1
, ξ51 =

MGT−5

MGT−1

Our motivation is to extract the values of novel observables to compare to
theoretical predictions
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2νββ improved model fit with CUPID-Mo

Phys. Rev. Lett. 131, 162501 (2023)
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We fit experimental data, with a Gaussian prior on ξ51/ξ31, that can
be accurately calculated:

SSD: 0.367
pn-QRPA: 0.364 – 0.368
Shell: 0.349
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CUPID-Mo 2νββ spectral shape results
Phys. Rev. Lett. 131, 162501 (2023)

ξ3,1 = 0.45± 0.03(stat.)± 0.05(syst.)

Under HSD ξ3,1 = 0.
Disfavoured by 8 σ

Under SSD ξ3,1 = 0.368.
Compatible at 1.4 σ

Shell Model mildly incompatible
(∼ 2.1 σ)

Using gA,eff vs ξ3,1 (from F.

Šimkovic):

gA,eff(pn-QRPA) = 1.0±0.1 (stat.)±0.2(syst).
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First measurement of ξ3,1 and gA,eff based on 2νββ spectral shape study
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Majorons

0νββ decay in the light neutrino
exchange may occur with the emission
of one or two Majorons (bosons).

This would distort the 2νββ spectrum.

14 Chapter 1. Double-β decays as probe for new physics
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FIGURE 1.5: Feynman diagrams of the double-β decay with the
emission of (A) one Majoron and (B) two Majorons in the light-
neutrino exchange scenario. The (C) diagram represents the emission
of a Majoron-like particle ϕ through an effective dimension-seven
operator containing right-handed currents. The latter was adapted
from [131].

1.5 Emission of new particles in double-β decay

1.5.1 Majorons

In many extensions of the SM, double-β decays occur with the emission of one or
two bosons, the so-called Majorons (J):

(A, Z) → (A, Z + 2) + 2e− + J,

(A, Z) → (A, Z + 2) + 2e− + 2J.
(1.13)

The Feynman diagrams of the double-β decay with the emission of one (Jββ decay)
or two Majorons (JJββ decay) is shown in figure 1.5a and 1.5b, respectively.

In what is typically considered classical models, the Majoron is the Goldstone
boson that arises from the spontaneous breakdown of the global B-L symmetry.
The first of these models was proposed by Chikashige, Mohapatra, and Peccei in
the early 80s [132, 133], who introduced the Majoron through a Higgs singlet and
showed that the coupling to light neutrinos would be negligible. Later, Gelmini and
Roncadelli proposed a model in which the Majoron arises from a Higgs triplet [134].
In this case, the coupling to light neutrinos could be large, leading to an observ-
able Jββ decay signal in the experiments [117, 135, 136]. Double-β decay with the
emission of two Majorons was first investigated in the context of supersymmetric
theories [137].

Successively, precision measurements of the width of Z boson decay to invisible
channels ruled out the models in which the Majoron arises from a Higgs triplet or
doublet [138]. On the other hand, in the first singlet Higgs model, the Majoron is
so weakly coupled to neutrinos that it cannot produce detectable effects in double-
β decay. At the same time, an excess of events below Qββ was observed in some
double-β decay experiments [139–141]. The sum of these events motivated in the
following years the construction of new models able to reconcile the results on the Z
decay width with a neutrino-Majoron coupling strong enough to explain the event

Different Majoron models predict different energy distributions

Majoron emitting modes

10

Majorons are massless bosons resulting from 
the spontaneous B−L symmetry breaking in 
the low-energy regime. 

One (ββ𝛘0) or two (ββ𝛘0𝛘0) Majorons can be 
emitted according to the different models 

The parameter of interest is the neutrino-
Majoron coupling: 

[T1/20νM]−1 = G0νM ⟨gM
ee⟩

2m
M0νM

2

dΓ
dT

∝ (Qββ − T)
n
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Energy / Qbb
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dG
/

dE
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.u
.]
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dG
dE

∼ (Qββ − E)n
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Limit to T1/2 of 0nbb with Majoron emission

CUPID-Mo
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The BSM decay with Majorons is completely unrelated to the SM
2νββ → the lower the 2νββ decay rate, the higher the sensitivity
(136Xe)
Majorons and sterile neutrino results are affected by the 2nbb
spectrum we use. Cupid-mo first analysis using improved model for
2nbb

KamLAND-Zen, PRL 117, 082503 (2016) GERDA, P.Rev.D 100, 052004 (2019) NEMO-3, P. Rev. D 87, 115010 (2013)

CUPID-Mo, EPJC 84, 13286 (2024)
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Limits on sterile neutrinos mass and 2νββ

2νββ can explore the region in the sub-GeV range

below ∼ 100 keV → beta decays,

above ∼ 100 MeV → High energy experiments, long baseline

Sterile neutrino emissions 

60

If the sterile neutrino  has a mass , 
it can be emitted instead of an antineutrinos in 
the 2νββ (νNββ): 

 

The effect on the total decay rate is: 

 

Where  is called active-sterile mixing 
strength 

We can set limits where the actual boundaries 
are relatively weak

N mN < Qββ

(A, Z) → (A, Z + 2) + 2e− + ν̄ + N

Γ = cos4 θΓSM + 2 cos2 θ sin2 θΓνN

sin2 θ
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Figure 6. Constraints on the mass mN of the sterile neutrino and its squared mixing |VeN |2
with the electron neutrino. The shaded regions are excluded by the searches and observations

indicated and discussed in section 4. The diagonal line labelled ‘Seesaw’ indicates the canonical

seesaw relation |VeN |2 = mν/mN with mν = 0.05 eV.

|VeN |2 < 10−5 by an improved DELPHI analysis. At a future linear electron-electron

collider such as the ILC [66], for a benchmark
√

s = 500GeV and L = 100 fb−1 limits

may be improved to |VeN |2 < 10−4 above the Z mass. At a proposed Compact Linear

Collider (CLIC), for
√

s = 3 TeV and L = 1 ab−1 limits are |VeN |2 ! 10−5 − 10−4

for 600 GeV < mN < 2.3 TeV [67, 68]. Furthermore, a future FCC-ee collider,

acting as a powerful e+e− → Z factory and exploiting low backgrounds in displaced

vertex searches, can improve the sensitivity drastically; down to |VeN |2 ! 10−11 for

mN ≈ 50 GeV [69]. At the ILC it may also be possible to distinguish LNC and LNV

W± exchange channels between the e+e− pair by measuring the asymmetry of the

outgoing lepton pseudorapidity distribution [50]. Finally, the proposed Large Hadron-

Electron Collider (LHeC) LHC upgrade may also provide competitive constraints

for mN > mZ [68, 70, 71]. An overview of proposed collider sensitivities is given

in ref. [72].

• Proposed detectors placed near existing LHC interaction points have been designed

specifically to search for displaced vertex signatures. These include AL3X [73],

CODEX-b [74], FASER2 [75], MATHUSLA [76] and the MoEDAL experiment’s

MAPP detector [77]. In figure 7, we show the expected sensitivity of AL3X, FASER–

2 [78] and MATHUSLA [79] for illustration. The best projected limits of MATHUSLA
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currently the only laboratory-based experimental method
able to probe sterile neutrinos. Neutrinoless double beta
(0νββ) decay is an exception, setting stringent limits over
the whole range in Fig. 1, but only if the sterile neutrinos
are Majorana fermions—for sterile Dirac neutrinos or
quasi-Dirac neutrinos with relative splittings ΔmN=mN ≲
10−4 [8], the constraints vanish or become weaker respec-
tively. In addition, if the sterile neutrinos in question are
wholly responsible for giving mass to the active neutrinos
via the type I seesaw mechanism, the contributions from
active and sterile neutrinos to 0νββ decay cancel each
other, see Sec. III A. Thus, especially aroundmN ∼ 1 MeV,
the current constraints are rather weak, of the order
jVeNj2 ≲ few × 10−3. As mentioned above, the constraints
arise from searches for kinks in the electron energy
spectrum and measurements of the ft value of various
beta decay isotopes, see Sec. III B for a brief review.
This weakening of limits motivates the use of novel

methods to constrain the active-sterile mixing in this mass
regime. In this work we assess the potential of 0νββ decay
experiments being sensitive to kinks in the background
two-neutrino double beta (2νββ) decay spectrum caused by
the presence of sterile neutrinos in the final state with
masses mN ≲ 1 MeV. This is fully analogous to the
corresponding searches in single beta decays but 2νββ
decaying isotopes typically have Q values of a few MeV
and are thus expected probe sterile neutrinos in such a mass
range. The 2νββ decay process is of course very rare so it

may at first seem difficult to achieve high enough statistics.
While 2νββ decay is indeed not expected to improve the
limits considerably, the 2νββ decays spectrum will be
measured to high precision in several isotopes as 0νββ
decay is searched for in ongoing and future experiments.
The relevant data to look for sterile neutrinos in 2νββ
decays will be available, which, generally speaking, can be
used to look for signs of new physics in its own right [9,10].
In addition to a truly sterile neutrino, i.e., one that

inherits the SM charged-current Fermi interaction albeit
suppressed by the active-sterile mixing, we also consider
RH current interactions of the “sterile” neutrino, e.g.,
arising in left-right symmetric models. Such interactions
change the angular distribution of the electrons emitted in
2νββ decay [9]. We parametrize all interactions in terms of
effective operators of the SM with a light sterile neutrino,
suitable in 2νββ decays with characteristic energies of
≲10 MeV.
This paper is organized as follows. In Sec. II we introduce

the effective operators relevant for our discussions. In
Sec. III we briefly review the current limits on the active-
sterile mixing squared jVeNj2 with a focus on the mass
regime mN ∼ 1 MeV. The calculation of the 2νββ decay
spectrum with the emission of one sterile neutrino is
described in Sec. IV. Section V introduces our statistical
procedure and presents the estimated current limits and
prospective future sensitivities from sterile neutrino searches
in 2νββ decay as our results. We conclude in Sec. VI.

FIG. 1. Constraints on the squared mixing strength jVeN j2 of the sterile neutrino with the electron neutrino as a function of its mass
mN . For simplicity we assume νe to be the only active neutrino. The shaded regions are excluded by the searches and observations as
labeled. They are discussed in Sec. 4 of Ref. [7]. The band labeled “0νββ” denotes the uncertainty on the current upper limit from 0νββ
decay searches on a Majorana sterile neutrino. The diagonal black-dotted line labeled “Seesaw” indicates the canonical seesaw relation
jVeN j2 ¼ mνe=mN with mνe ¼ 0.05 eV.
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