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Neutrinos have mass!
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Neutrinos have mass!

να =
3

∑
i=1

Uαi νi

Pνα→νβ
= sin2(2ϑ) sin2( Δm2L

4E )

“For the discovery of 
neutrino oscillations, 

which shows that 
neutrinos have mass”
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Time-of-flight constraints with Supernovae:


SN1987A  eV (95% CL)⇒ mν < 5.8

G.Pagliaroli,F.Rossi-Torres,F.Vissani 
(Astropart.Phys.Vol33,2010)

From kinematic measurements: 


KATRIN  eV (90% CL)⇒ mβ < 0.45
KATRIN Collaboration (2024)

From  measurements: 


KamLAND-Zen  eV (90% CL)

0νββ

⇒ mββ < 0.16
KamLAND-Zen Collaboration (PRL 130,051801, 2022)

From cosmology: 


 eV (95% CL)∑ mν < 0.072
DESI Collaboration (2024)

Neutrinos have mass!

https://arxiv.org/abs/2404.03001
https://arxiv.org/abs/1002.3349
https://arxiv.org/abs/2203.02139
https://arxiv.org/abs/2406.13516
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Alma (Eso/Naoj/Nrao), Nasa/Esa Hubble Space 
Telescope, Nasa Chandra X-Ray Observator

e−

e−ν ≡ ν̄

e−

e−
ΔL = 2

d

d u

u

+

Time-of-flight constraints with Supernovae:


SN1987A  eV (95% CL)⇒ mν < 5.8

G.Pagliaroli,F.Rossi-Torres,F.Vissani 
(Astropart.Phys.Vol33,2010)

From kinematic measurements: 


KATRIN  eV (90% CL)⇒ mβ < 0.45
KATRIN Collaboration (2024)

From  measurements: 


KamLAND-Zen  eV (90% CL)

0νββ

⇒ mββ < 0.16
KamLAND-Zen Collaboration (PRL 130,051801, 2022)

From cosmology: 


 eV (95% CL)∑ mν < 0.072
DESI Collaboration (2024)

Neutrinos have mass!

https://hubblesite.org/contents/media/images/2017/08/3988-Image.html?news=true
https://hubblesite.org/contents/media/images/2017/08/3988-Image.html?news=true
https://arxiv.org/abs/2203.02139
https://arxiv.org/abs/2404.03001
https://arxiv.org/abs/1002.3349
https://arxiv.org/abs/2406.13516


Core-collapse Supernovae
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Why Supernovae?

No control on when or where 
the next one will occur!



Kpc Mpc
Gpc

N ≫ 1 N ∼ 1 N ≪ 1

Rate ∼ 0.01/yr Rate ∼ 1/yr Rate ∼ 108/yr

Supernova bursts in galaxies Diffuse Supernova Neutrino Background

6

J.Beacom (TAUP2011)



J.Beacom (TAUP2011)

Kpc Mpc
Gpc

N ≫ 1 N ∼ 1 N ≪ 1

Rate ∼ 0.01/yr Rate ∼ 1/yr Rate ∼ 108/yr

Diffuse Supernova Neutrino Background
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Supernova bursts in near galaxies

We could be very close to the next 
observation!
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Garching Modeling Group
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Φνe
= p Φ0

νe
+ (1 − p) Φ0

νx

Φνx
=

1
2

[(1 − p) Φ0
νe

+ (1 − p) Φ0
νx

ν

νMikheyev-Smirnov-Wolfenstein effect

NO
IO

p p̄
|Ue3 |2

|Ue3 |2

|Ue1 |2

|Ue2 |2

A.S.Dighe,A.Y.Smirnov(PRD 62,033007, 2000)

R(t, E) = Ntarget ϵ(E) σsec(E) Φν(t, E)
Detector Interaction Source  

(and propagation!)

νe + 40Ar → e− + 40K*

ν̄e + p → e+ + n
ν + e− → ν + e−
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https://arxiv.org/pdf/hep-ph/9907423.pdf


ti = δti + toff − Δti(mν)

Δti(mν) =
D
2c ( mν

Ei )
2
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No oscillations

Normal Ordering

Inverted Ordering
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• Hypothetical 


• Forbidden in the Standard Model : 


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

(A, Z) ⟶ (A, Z + 2) + 2e−

ΔL = 2

ν

e−

e−ν ≡ ν̄

e−

e−

d

d u

u

+ …ΔL = 2

Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 εBMS

Phase Space 
Factor (PSF) 
(kinematic)

New Physics

× ×

gA = q gbare
A

Nuclear Matrix 
Element (NME)

Mαi

0νββ



m2
ββ

Effective Majorana mass

∑
j

U2
ej mj
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• Hypothetical 


• Forbidden in the Standard Model : 


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

(A, Z) ⟶ (A, Z + 2) + 2e−

ΔL = 2

ν

e−

e−ν ≡ ν̄

e−

e−

d

d u

u

+ …ΔL = 2

Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2

Phase Space 
Factor (PSF) 
(kinematic)

× ×

gA = q gbare
A

Nuclear Matrix 
Element (NME)

Mαi

If  mediated by the exchange of a light Majorana  : 0νββ ν

0νββ



Nuclear Models 
and Nuclear 

Matrix Elements
Nuclear Shell 

Model

Quasiparticle 
Random Phase 
Approximation

 Energy-Density 
Functional theory

Interacting 
Boson Model

N1
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N2

N3

N5
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Q6 - -
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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

M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002 
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https://arxiv.org/abs/2202.01787
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Nuclear Models 
and Nuclear 

Matrix Elements

M0ν = Mlong
0ν

Long-range contribution to the 
decay rate induced by the 

exchange of light Majorana ν

Large theoretical uncertainties!

https://arxiv.org/abs/2202.01787


Mαi = Mlong
αi + Mshort

αi = Mlong
αi (1 + nαi)

Unknown value and sign 
leading either to an 

enhancement or suppression 
of the expected decay rate

nαi =
Mshort

αi

Mlong
αi

|nαi | ∈

30 ÷ 70
34 ÷ 77

32 ÷ 73
30 ÷ 70
49 ÷ 108

17 ÷ 47
17 ÷ 47

76Ge

130Te

82Se
100Mo

136Xe

15 ÷ 42

-

Nuclear 
Shell Model


%

Quasiparticle 
Random Phase 
Approximation


%

15 ÷ 42

To renormalize the  amplitude due to light Majorana  exchange0νββ ν

Short-range contribution

L.Jokiniemi et all. - Phys.Lett.B 823 (2021) 136720 

V.Cirigliano et al, Phys.Rev.Lett.120,202001
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(Hints for + sign = best scenario)
M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002 

https://arxiv.org/abs/2107.13354
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.202001
https://arxiv.org/abs/2202.01787


N1 N2 N3 N4 N5 Q1 Q2 Q3 Q4 Q5 Q6 E1 E2 E3 I1 I2
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100

m
ββ
×
q2
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)u
pp
er
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3σ

Without short-range NME
Negative short-range NME
Positive short-range NME

3σ (Δχ2
tot = 9)@

• Impact of the short-range term


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

m
Tr

ue
ββ

(m
eV

)
@

3σ

Current picture…

16

(In some cases) already 
touching the IMO region!
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136Xe

LEGEND-1000 


nEXO


CUPID


SNO+II


SuperNEMO 

76Ge

130Te

82Se

100Mo
 

… and future prospect
M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002 

Sensitivity @ 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

IMO completely 
explored!

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/2202.01787


The neutrino signal coming from the Supernova neutronization burst, visible 
only in the  spectrum, constitutes a fundamental tool to constrain the 

neutrino mass in a model-independent way.
νe

Take-home message

Future  setups able to prove or rule out the inverted mass ordering region 
for many NME models in the light-Majorana neutrino exchange scenario.  

Short-range contribution and huge uncertainties from nuclear theory affect 
considerably the  sensitivities of next-generation experiments.

0νββ

mββ

e−

e−ν ≡ ν̄



The neutrino signal coming from the Supernova neutronization burst, visible 
only in the  spectrum, constitutes a fundamental tool to constrain the 

neutrino mass in a model-independent way.
νe

Take-home message

Future  setups able to prove or rule out the inverted mass ordering region 
for many NME models in the light-Majorana neutrino exchange scenario.  

Short-range contribution and huge uncertainties from nuclear theory affect 
considerably the  sensitivities of next-generation experiments.

0νββ

mββ

e−

e−ν ≡ ν̄

Be prepared and wait for SN20….

New hints from Nuclear Physics!





Supernova parameters uncertainties: luminosity
Backup
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M.Kachelriess, R.Tomas, R.Buras, H.-Th.Janka, A.Marek, M.Rampp (PRD 71,063003, 2005)

The neutronization burst 
results to be a robust, 
model independent 

prediction of the 
Supernova models.


Very slight variations as a 
function of progenitor 

mass (left panel), 
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and equation of state (right 
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Mikheyev-Smirnov-Wolfenstein effect
Adiabatic or partially adiabatic neutrino flavor conversion in medium with varying density
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χ2
tot(mββ) = ∑

r

Δχ2
r (mββ)

Δχ2
tot(mββ) = χ2

tot(mββ) − χ2
tot,min(mββ)

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

ββ

Δχ2
r (Γα) = ar (Γα)2 + br Γα + cr

E.Lisi, A.Marrone - Phys.Rev.D 106 (2022) 1, 013009
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Current picture

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

Δχ2
ij(mββ, Mαj ; mTrue

ββ , MTrue
αi ) = 2∑

α (Nαj − NTrue
αi + NTrue

αi ln
NTrue

αi

Nαj )

Future prospect
M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002 
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Δχ2
r (Γα) = ar (Γα)2 + br Γα + 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
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Bα = bα ⋅ εα ⋅ ( T
1 yr )
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