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0νββ

1

(A, Z) ⟶ (A, Z + 2) + 2e−Hypothetical

• Forbidden in the Standard Model : 


• The only known feasible way to prove the 
Majorana nature of 

ΔL = 2

ν



Assuming the exchange of light Majorana neutrinos

0νββ

(T−1
1/2)α = Γ̃ α(mββ, Mαi) =

Γα(mββ, Mαi)
ln 2

= G0ν ( g2
A |M0ν | )2 m2

ββ

Phase Space 
Factor (PSF) 
(kinematic)

Effective Majorana mass

∑
j

U2
ej mj

× ×

gA = q gbare
A
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Nuclear Matrix 
Element (NME)
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(A, Z) ⟶ (A, Z + 2) + 2e−Hypothetical

• Forbidden in the Standard Model : 


• The only known feasible way to prove the 
Majorana nature of 

ΔL = 2

ν
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• Calculations performed by different groups by 
assuming 


• Data not available for all the isotopes


• Variation in  of a factor 

gbare
A = 1.27

Mlong
0ν ∼ 3

M0ν = Mlong
0ν

Long-range contribution to the 
decay rate induced by the 

exchange of light Majorana ν
arXiv:2202.01787

https://arxiv.org/abs/2202.01787
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M0ν = Mlong
0ν

Long-range contribution to the 
decay rate induced by the 

exchange of light Majorana ν
arXiv:2202.01787

• Calculations performed by different groups by 
assuming 


• Data not available for all the isotopes


• Variation in  of a factor 

gbare
A = 1.27

Mlong
0ν ∼ 3

Large theoretical uncertainties!

https://arxiv.org/abs/2202.01787
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To renormalize the  amplitude due to light Majorana  exchange0νββ ν

Phys.Rev.Lett.120,202001

Mαi = Mlong
αi + Mshort

αi = Mlong
αi (1 + nαi)

Short-range contribution

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.202001
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Short-range contribution

Unknown value and sign 
leading either to an 

enhancement or suppression 
of the expected decay rate
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To renormalize the  amplitude due to light Majorana  exchange0νββ ν

Short-range contribution

What is the effect induced by this 
new short-range contribution?

https://arxiv.org/abs/2107.13354
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.202001
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Δχ2
ij(mββ, Mαj ; mTrue

ββ , MTrue
αi ) = 2∑

α (Nαj − NTrue
αi + NTrue

αi ln
NTrue

αi

Nαj )

136Xe

LEGEND-1000 


nEXO


CUPID


SNO+II


SuperNEMO 

76Ge

130Te

82Se

100Mo

arXiv:0807.2188 

arXiv:2104.11687 

arXiv:2202.06279 

arXiv:2106.16243 

arXiv:2107.11462  

arXiv:2202.01787

Nαi = Sαi + Bα

Sαi(mββ, Mαi) = ln 2 ⋅ NA ⋅ εα ⋅ ( T
1 yr ) ⋅ Γ̃ α(mββ, Mαi)

Bα = bα ⋅ εα ⋅ ( T
1 yr )

[ε] = mol ⋅ yr [b] =
events

mol ⋅ yr

T = 10 yr in the following analysis

Future prospect

https://arxiv.org/abs/2107.11462
https://arxiv.org/abs/2106.16243
https://arxiv.org/abs/2202.06279
https://arxiv.org/abs/2104.11687
https://arxiv.org/abs/0807.2188
https://arxiv.org/abs/0807.2188
https://arxiv.org/abs/2104.11687
https://arxiv.org/abs/2202.06279
https://arxiv.org/abs/2106.16243
https://arxiv.org/abs/2107.11462
https://arxiv.org/abs/2202.01787
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arXiv:2202.01787

3σ (Δχ2
tot = 9)@

• Big impact of the short-range term


• Uncertainties on both the size and sign of 


• LEGEND-1000 (  ) + nEXO (  )

|nαi |
76Ge 136Xe

Future prospect

https://arxiv.org/abs/2202.01787


Nuclear model discrimination

6

Assuming that future  experiments detect a positive signal, will it be possible, via the combination 
of several experiments using different isotopes, to discriminate among the various NME models?

0νββ
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Assuming that future  experiments detect a positive signal, will it be possible, via the combination 
of several experiments using different isotopes, to discriminate among the various NME models?

0νββ

Mαi = Mlong
αi

(Δχ2
ij)min = min

mββ

Δχ2
ij(mββ, Mαj ; mTrue

ββ , MTrue
αi ) ⟶ (Δχ2

ij)min ≠ 0 ⟹ Nuclear model discrimination!
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Mαi = Mlong
αi

3σ (Δχ2
tot = 9)@

• A large set of  model combinations 
allows a  model discrimination in the 
Inverted Mass Ordering


• Nuclear model discrimination assuming 
 is only possible when  

(i, j)
3σ
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Assuming that future  experiments detect a positive signal, will it be possible, via the combination 
of several experiments using different isotopes, to discriminate among the various NME models?

0νββ
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Δχ2
ij(mββ, Mαj ; mTrue
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αi ) ⟶ (Δχ2

ij)min ≠ 0 ⟹ Nuclear model discrimination!
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Mlong
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The short-range term could affect considerably both the sensitivities and the nuclear model discrimination 
power of next-generation  experiments:


• The most sensitive projects are LEGEND-1000 and nEXO, whose sensitivity to  will cover 
most part of the inverted mass ordering region for many NME models. However, unfortunate 
short-range interaction interference might prevent these advanced setups to reach this region.


• Discriminating between different NME calculations will be possible for a broad range of NME 
models, even though the presence of the short-range contribution will essentially destroy this 
sensitivity, unless its sign is known to be positive.

0νββ

mββ
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mββ ∈ [14, 49] meVInverted Mass Ordering :
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Δ
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T1/2 (1026 yr)
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CUORE

EXO-200

KamLAND-Zen

90% C.L.

Δχ2
r ( Γ̃ α) = ar ( Γ̃ α)2 + br Γ̃ α + cr

76Ge

136Xe

130Te

× 1026 yr meV

T1/2 > 1.8 mββ ∈ [79, 180]GERDA

T1/2 > 0.83 mββ ∈ [113, 269]MAJORANA

arXiv:2009.06079

Phys.Rev.Lett.130.062501

T1/2 > 0.22 mββ ∈ [90, 305]CUORE
arXiv:2104.06906

KamLAND-Zen mββ ∈ [36, 156]T1/2 > 2.3

T1/2 > 0.35 mββ ∈ [93, 286]EXO-200

arXiv:2203.02139

Phys.Rev.Lett.123.161802

Current picture
arXiv:2204.09569

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161802
https://arxiv.org/abs/2009.06079
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501
https://arxiv.org/abs/2203.02139
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• Impact of the short-range term


• Uncertainties on both the size and 
sign of |nαi |

IMO

χ2
tot(mββ) = ∑

r

Δχ2
r (mββ)

Δχ2
tot(mββ) = χ2

tot(mββ) − χ2
tot,min(mββ)

Γ̃ α(mββ, Mαi) = G0ν ( g2
A |M0ν | )2 m2

ββ

Sensitivity on  :mββ

Δχ2
r ( Γ̃ α) = ar ( Γ̃ α)2 + br Γ̃ α + cr
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Current picture
arXiv:2204.09569
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Δχ2
r ( Γ̃ α) = ar ( Γ̃ α)2 + br Γ̃ α + cr

Table 3: Values of the ar, br, cr coe�cients we obtained and used to parameterize the ��2

for each experiment according to Eq. (3.1). Current 90% C.L. lower limits on the isotope

lifetime, T 90

1/2, in units of 1026 yr are also reported.

Nuclide Experiment ar br cr T 90

1/2/10
26yr

76Ge
GERDA 0.000 4.871 0.000 1.8 [16]

MAJORANA 0.000 2.246 0.000 0.83 [17]

130Te CUORE 0.257 �0.667 0.433 0.22 [18]

136Xe
KamLAND-Zen 14.315 0.000 0.000 2.3 [19]

EXO-200 0.443 �0.342 0.066 0.35 [20]

3 Results from current 0⌫�� experiments

TS: comment on [37]

So far, experiments agree with the null-signal hypothesis, placing lower limits on the

isotopes half-life T1/2 which translates into upper bounds on the e↵ective Majorana mass

m�� for a given NME. Current experiments, with di↵erent detector design and techniques,

place limits on the 0⌫�� half-life T1/2 of di↵erent isotopes, like 76Ge (by the GERDA [16]

and MAJORANA [17] collaborations), 130Te (by the CUORE collaboration [18]) and 136Xe

(by the KamLAND-Zen [19] and EXO-200 [20] collaborations). Here we will combine these

results and investigate the dependence of the joint limit on m�� on the adopted NME

models.

As for most of the experiments no explicit likelihood function is available, we follow the

approach of [37, 38] (see also [39, 40]) and parameterize ��2(e�↵) as a quadratic function:

��2

r(e�↵) = ar (e�↵)
2 + br e�↵ + cr , (3.1)

where the coe�cients ar, br, cr can be derived for each experiment labeled by r, depending

on the available information. This ansatz is based on the fact that the number of signal

events is proportional to the decay rate e�↵. In the case of a background free experiment we

expect the ��2 to depend linearly on e�↵ (as it is the case for GERDA and MAJORANA),

whereas in the presence of sizeable background we expect a quadratic shape. If experiments

report only upper bounds, the best fit point is assumed to be located at e�↵ = 0. This is

the case if the upper bound coincides with the sensitivity of the experiment.1 Then the

coe�cients are chosen such that we can reproduce the reported 90% C.L. on e�↵ for each

experiment, for which we adopt the prescription ��2 = 2.706. Thus based on the 90%

upper limit of e�↵ given by the recent experiments, we derived their ��2
r(e�↵) with the

ar, br, cr shown in Table 3. More details about the derivation are as follows:

• For GERDA and MAJORANA, we first have ar = 0 and cr = 0 due to the linear

dependence of ��2
r(e�↵) on e�↵ and best-fit point at e�↵ = 0. We specify T 90

1/2 as the

1This is a good approximation for latest GERDA results. We thank B. Schwingenheuer for private

communication on this topic.
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Table 4: Performance parameters of di↵erent next-generation 0⌫�� experiments [2] and

PSF of the respective isotope [9]. JY: add sensitivities of m�� or decay rate for each

experiment?

Experiment Isotope
" b PSF

[mol·yr] [events/(mol·y)] [yr�1 eV�2]

LEGEND-1000 76Ge 8736 4.9 · 10�6 2.36 · 10�26

SuperNEMO 82Se 185 5.4 · 10�3 10.19 · 10�26

CUPID 100Mo 1717 2.3 · 10�4 15.91 · 10�26

SNO+II 130Te 8521 5.7 · 10�3 14.2 · 10�26

nEXO 136Xe 13700 4.0 · 10�5 14.56 · 10�26

with NA being Avogadro’s number, T the exposure time, and the index i labels the di↵erent

nuclear models from Tab. 1. While the background is independent of the nuclear model

assumed, the signal strongly depends on it. The total number of events expected in each

detector is then given by

N↵i = S↵i +B↵ . (4.3)

Tab. 4 summarises the performance parameters of each selected experiment and the PSF

of the related isotope [9]. We chose next-generation experiments for our analysis by taking,

for each isotope, the one with the most ambitious configuration from the ones proposed in

[2], in order to highlight the ultimate potential of each of them.

To get a feeling for the expected number of events for the 0⌫�� experiments listed in

Tab. 4, we provide here the event numbers for the reference value m�� = 40 meV and 1 yr

exposure time: TS: should we use 40 meV for these numbers?

NLEGEND�1000 =

2

40.97⇥
 

mTrue

��

40 meV

!2 
M long

Ge

2.66

!2

+ 0.04

3

5⇥
T

1 yr
, (4.4)

NSuperNEMO =

2

40.09⇥
 

mTrue

��

40 meV

!2 
M long

Se

2.72

!2

+ 1.0

3

5⇥
T

1 yr
, (4.5)

NCUPID =

2

42.69⇥
 

mTrue

��

40 meV

!2 
M long

Mo

3.84

!2

+ 0.4

3

5⇥
T

1 yr
, (4.6)

NSNO+II =

2

41.51⇥
 

mTrue

��

40 meV

!2 
M long

Te

1.37

!2

+ 48.6

3

5⇥
T

1 yr
, (4.7)

NnEXO =

2

41.64⇥
 

mTrue

��

40 meV

!2 
M long

Xe

1.11

!2

+ 0.5

3

5⇥
T

1 yr
, (4.8)

where the smallest M long
↵ values from Tab. 1 have been taken as normalisation. We observe

that m�� values somewhat larger than 10 meV and/or exposure times of order 10 yr will

– 9 –

Sαi(mββ, Mαi) = ln 2 ⋅ NA ⋅ εα ⋅ ( T
1 yr ) ⋅ Γ̃ α(mββ, Mαi)

Bα = bα ⋅ εα ⋅ ( T
1 yr )

arXiv:2202.01787
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What if sign unknown?

Not promising nuclear model discrimination!

mTrue
ββ = 60 meV
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All Nuclear models considered.

The involvement of SNO+II significantly 

improves the discrimination potential and 
increase the number of distinguishable models.
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The involvement of CUPID significantly 
improves the discrimination potential and 

increase the number of distinguishable models.


