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From kinematic measurements: 


KATRIN  eV (90% CL)⇒ mβ < 0.8
KATRIN Collaboration (2021)

From cosmology: 


(CMB+BAO)  eV (95% CL)⇒ ∑ mν < 0.12

From  measurements: 


KamLAND-Zen  eV (90% CL)

0νββ

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

Di Valentino,Gariazzo,Mena (PRD 104, 2021)

Time-of-flight constraints:


Kamiokande-II (SN1987A)  eV (95% CL)⇒ mν < 5.8
Pagliaroli,Rossi-Torres,Vissani(Astropart.Phys.V33,2010)

Neutrino mass

https://arxiv.org/abs/2105.08533
https://arxiv.org/abs/2203.02139
https://arxiv.org/abs/2106.15267
https://arxiv.org/abs/1002.3349
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Planck+lensing ⌃m⌫ H0 ⌦m �8 S8

+Pantheon [eV] [km/s/Mpc] lnB0�NH lnBNH�IH

+ DR12 BAO only < 0.116 67.8± 1.0 0.309+0.013
�0.012 0.814+0.017

�0.019 0.826± 0.022 �1.3 �1.5
+ DR12 BAO+RSD < 0.118 67.8± 1.0 0.310+0.013

�0.012 0.814+0.017
�0.019 0.827+0.021

�0.022 �1.3 �1.7
+ DR16 BAO only < 0.158 67.5+1.2

�1.3 0.314+0.017
�0.016 0.811+0.020

�0.023 0.830+0.023
�0.024 �0.7 �1.6

+DR16 BAO+RSD < 0.101 67.9+1.0
�1.1 0.308+0.014

�0.013 0.817+0.016
�0.017 0.828± 0.022 �1.7 �1.9

+DR12 BAO only + DR16 BAO only < 0.121 67.78+0.90
�0.97 0.310+0.013

�0.011 0.813+0.017
�0.019 0.826± 0.021 �0.9 �1.8

+DR12 BAO only + DR16 BAO+RSD < 0.0866 68.09+0.85
�0.88 0.306± 0.011 0.817+0.015

�0.016 0.826+0.020
�0.021 �1.9 �2.0

+DR12 BAO+RSD + DR16 BAO only < 0.125 67.71+0.89
�0.97 0.311+0.012

�0.011 0.813+0.017
�0.019 0.828± 0.021 �1.1 �1.4

+DR12 BAO+RSD + DR16 BAO+RSD < 0.0934 68.00+0.87
�0.89 0.307± 0.011 0.817+0.015

�0.016 0.827± 0.021 �1.9 �1.8

Table II. Constraints at 95% CL on the total neutrino mass, the Hubble constant, the matter energy density in the universe,
the clustering amplitude of the matter power spectrum �8 and S8 ⌘ �8

p
⌦m/0.3. In the last two columns we report the

Bayes factor lnB0�NH for the parametrization with
P

m⌫ > 0 eV with respect to
P

m⌫ > 0.06 eV, and lnBNH�IH for the
parametrization with

P
m⌫ > 0.06 eV with respect to

P
m⌫ > 0.1 eV, where negative values indicate a preference for the

former cases.

we obtain
P

m⌫ < 0.1 eV at 95% CL when considering
DR16 LRG plus QSOs BAO+RSD information. We il-
lustrate this effect in Fig. 1, for two possible data sets
at four different redshifts within the range of DR12 and
DR16 measurements: notice that there is a clear reduc-
tion of f�8 as the neutrino mass is increased.

Furthermore, we combine BOSS DR12 and eBOSS
DR16 measurements, in such case excluding the infor-
mation from the last redshift bin in the LRG BOSS
DR12 sample. The less constraining limit corresponds
to the analysis of eBOSS DR16 data in their BAO only

form:
P

m⌫ < 0.12 eV at 95% CL. The most constrain-
ing bounds are instead obtained when the eBOSS DR16
LRG and QSOs clustering information is taken in its
BAO+RSD form. We obtain

P
m⌫ < 0.087 eV andP

m⌫ < 0.093 at 95% CL, depending on whether the
BOSS DR12 LRG measurements are considered in their
BAO+RSD or BAO only form, respectively. To further
assess the fact that the tightest constraints are driven
by the QSOs RSD information, we have performed the
following exercise: we have combined BOSS DR12 LRG
data with the eBOSS DR16 LRG in its BAO+RSD form,
plus the QSOs in the BAO only shape. In this case we
obtain a 95% CL upper limit of

P
m⌫ < 0.12 eV. If we

instead do the opposite, i.e. we analyse the eBOSS DR16
LRG sample in its BAO only shape and the QSOs in
the BAO+RSD one, a very constraining bound is again
recovered, i.e.

P
m⌫ < 0.09 eV at 95% CL.

Considering the number of relativistic degrees of free-
dom Ne↵ as a free parameter in the numerical analyses
does not change dramatically the bounds. For the com-
bination of DR12 plus DR16 BAO+RSD measurements,
we obtain

P
m⌫ < 0.095 eV and Ne↵ = 3.05+0.33

�0.32
, both at

95% CL. Moreover, if additional radiation is interpreted
as sterile neutrino species, the constraints on the active
neutrino masses are extremely stable. Our limits in the
three neutrino related parameters are

P
m⌫ < 0.09 eV,

Ne↵ < 3.38 and m
e↵

⌫,sterile
< 0.26 eV (all at 95% CL),

arising from the analysis of DR12 plus DR16 BAO+RSD

data. This is expected from the results of [15], where
we can see that extending the cosmological model with
a free Ne↵ does not alter significantly the constraints on

P
m⌫ . References [15, 58] also show that one can expect

the limits on
P

m⌫ to be tightened [14, 17] or to degrade
by a significant amount (up to a factor ⇠ 2) when other
cosmological parameters, such as the dark energy equa-
tion of state w or the universe curvature ⌦k, are varied as
well. A detailed analysis on the dependence of

P
m⌫ on

additional parameters, however, is left for a future study.
It is also interesting to discuss the constraints in re-

lation to the minimal allowed value of
P

m⌫ by neu-
trino oscillations. Cosmological measurements currently
prefer values of

P
m⌫ as close to zero as possible. The

peak of the posterior, therefore, is always below the neu-
trino oscillation values for such parameter. The current
bounds discussed above are already disfavoring the min-
imal allowed value for inverted ordering (IO) at more
than 95% CL, but it is worth noticing that the mini-
mal value for normal ordering (NO) is also (weakly) dis-
favored by cosmological measurements, as the strongest
68% CL limit we obtain is

P
m⌫ < 0.037 eV for the com-

bination DR12 BAO plus DR16 BAO+RSD measure-
ments. A physically motivated prior on

P
m⌫ , therefore,

cannot cover the region corresponding to higher likeli-
hoods. In order to quantify how much the laboratory
prior on the total neutrino mass

P
m⌫ > 0.06 eV is

disfavoured by the cosmological data, we compute the
Bayesian evidence of a parametrization with

P
m⌫ > 0

and one with
P

m⌫ > 0.06 eV1, making use of the pub-
licly available package MCEvidence2. We compute the

1
Notice that in this case we adopt the mass splittings obtained by

neutrino oscillations in order to compute the sum of the neutrino

masses as in [29], but as a baseline we adopt a Normal Order-

ing with
P

m⌫ in the range [0, 5] eV, i.e. including the region

excluded by laboratory experiments, where only one mass eigen-

state is assumed. To perform the Bayesian comparison instead,

we continue considering three neutrino masses in the Normal Or-

dering and restrict the prior for
P

m⌫ to be above 0.06 eV, or

we assume an Inverted Ordering and a prior above 0.1 eV. Given

the current precision of cosmological probes, the two methods

are expected to be equivalent, see e.g. [59], while future probes

may be able to distinguish the two cases, see e.g. [4].
2

github.com/yabebalFantaye/MCEvidence [60, 61].

https://arxiv.org/abs/2105.08533
https://arxiv.org/abs/2203.02139
https://arxiv.org/abs/2106.15267
https://arxiv.org/abs/1002.3349
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e−

e−ν ≡ ν̄

e−

e−
ΔL = 2

d

d u

u

+ …

Γ = G0ν M2
0ν ε(ΔL = 2)

Nuclear Models dependence! 
Majorana neutrino assumption!

mββ = ∑
i

|Uei |
2 mi
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Alma (Eso/Naoj/Nrao), Nasa/Esa Hubble Space Telescope, Nasa Chandra X-Ray Observator
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https://hubblesite.org/contents/media/images/2017/08/3988-Image.html?news=true
https://arxiv.org/abs/2105.08533
https://arxiv.org/abs/2203.02139
https://arxiv.org/abs/2106.15267
https://arxiv.org/abs/1002.3349
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J.Beacom (TAUP2011)
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Supernova bursts in near galaxies
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R(t, E) = Ntarget ϵ(E) σsec(E) Φν(t, E)
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R(t, E) = Ntarget ϵ(E) σsec(E) Φν(t, E)
Detector Interaction

νe + 40Ar → e− + 40K*

ν̄e + p → e+ + n
ν + e− → ν + e−
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νν νν νν νν νν νν

νννν

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

Dighe, Smirnov (PRD 62, 2000)

Source  
(and propagation!)

https://arxiv.org/pdf/hep-ph/9907423.pdf


0 1 2 3 4
m∫/eV

10°6

10°5

10°4

10°3

10°2

10°1

¢
t(

E
,m

∫
)/

s

10 MeV

30 MeV

50 MeV

ti = δti + toff − Δti(mν)

Δti(mν) =
D
2c ( mν

Ei )
2

@the detector
@the source

offset time

(detector)

11



UPPER BOUNDS ON  

mν =
3

∑
i=1

|Uei |
2 m2

i

mν ≤ 0.51+0.20
−0.19 eV

mν ≤ 2.01+0.69
−0.55 eV

mν ≤ 0.91+0.30
−0.33 eV

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

m∫/eV

0

2

4

6

8

10

12

14

¢
¬

2

95% CL

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

m∫/eV

0

2

4

6

8

10

12

14

¢
¬

2

95% CL

mν ≤ 0.56+0.20
−0.21 eV

mν ≤ 1.65+0.54
−0.40 eV

mν ≤ 0.85+0.30
−0.25 eV

DUNE: D = 10 kpc

12

No oscillations

Normal Ordering

Inverted Ordering

10°3 10°2 10°1 100

t/s

0

20

40

60

80

100

120

a.
u.

0.00 0.02 0.04
0

10

20

M = 8.8 M⊙

M = 19 M⊙

∼ 845 ∼ 201
∼ 1372 ∼ 54

∼ 95∼ 1222

10 s 50 ms

∼ 3644 ∼ 200
∼ 5441 ∼ 88

∼ 120∼ 4936

10 s 50 ms



UPPER BOUNDS ON  

mν =
3

∑
i=1

|Uei |
2 m2

i

mν ≤ 0.51+0.20
−0.19 eV

mν ≤ 2.01+0.69
−0.55 eV

mν ≤ 0.91+0.30
−0.33 eV

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

m∫/eV

0

2

4

6

8

10

12

14

¢
¬

2

95% CL

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

m∫/eV

0

2

4

6

8

10

12

14

¢
¬

2

95% CL

mν ≤ 0.56+0.20
−0.21 eV

mν ≤ 1.65+0.54
−0.40 eV

mν ≤ 0.85+0.30
−0.25 eV

DUNE: D = 10 kpc

12

No oscillations

Normal Ordering

Inverted Ordering

10°3 10°2 10°1 100

t/s

0

20

40

60

80

100

120

a.
u.

0.00 0.02 0.04
0

10

20

M = 8.8 M⊙

M = 19 M⊙

∼ 845 ∼ 201
∼ 1372 ∼ 54

∼ 95∼ 1222

10 s 50 ms

∼ 3644 ∼ 200
∼ 5441 ∼ 88

∼ 120∼ 4936

10 s 50 ms

Φνe
= p Φ0

νe
+ (1 − p) Φ0

νx

Φνx
=

1
2

[(1 − p) Φ0
νe

+ (1 − p) Φ0
νx

NO

IO

p p̄
|Ue3 |2

|Ue3 |2

|Ue1 |2

|Ue2 |2



UPPER BOUNDS ON  

mν =
3

∑
i=1

|Uei |
2 m2

i

mν ≤ 0.51+0.20
−0.19 eV

mν ≤ 2.01+0.69
−0.55 eV

mν ≤ 0.91+0.30
−0.33 eV

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

m∫/eV

0

2

4

6

8

10

12

14

¢
¬

2

95% CL

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

m∫/eV

0

2

4

6

8

10

12

14

¢
¬

2

95% CL

mν ≤ 0.56+0.20
−0.21 eV

mν ≤ 1.65+0.54
−0.40 eV

mν ≤ 0.85+0.30
−0.25 eV

DUNE: D = 10 kpc

12

No oscillations

Normal Ordering

Inverted Ordering

10°3 10°2 10°1 100

t/s

0

20

40

60

80

100

120

a.
u.

0.00 0.02 0.04
0

10

20

M = 8.8 M⊙

M = 19 M⊙

∼ 845 ∼ 201
∼ 1372 ∼ 54

∼ 95∼ 1222

10 s 50 ms

∼ 3644 ∼ 200
∼ 5441 ∼ 88

∼ 120∼ 4936

10 s 50 ms



10°3 10°2 10°1 100

t/s

0

100

200

300

400

500

600

a.
u.

0.00 0.02 0.04
0

10

20

HK: D = 10 kpc

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

No oscillations

Normal Ordering

Inverted Ordering

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

No oscillations

Normal Ordering

Inverted Ordering

No oscillations

Normal Ordering

Inverted Ordering

90%IBD
ES+10%IBD

M = 8.8 M⊙ 10 s 50 ms

90%IBD

ES+10%IBD

16003
3462

414
249

90%IBD

ES+10%IBD

466
130

16223
3419

90%IBD

ES+10%IBD 178
57316678

3491

90%IBD

+

=

ES+10%IBD

13

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

0.0 0.2 0.4 0.6 0.8 1.0
m∫/eV

0

10

20

30

40

50

¢
¬

2

No oscillations

Normal Ordering

Inverted Ordering

95% CL

95% CL

95% CL

Preliminary!



The neutrino signal coming from the Supernova neutronization burst, visible only 
in the  spectrum, constitutes an important tool to constrain the absolute value 

of the neutrino mass and it can give a complementary (and independent) 
measurement to -decays and cosmology.
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Waiting for SN20XXX…



Supernova parameters uncertainties: luminosity
Backup
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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), 
microphysics of neutrino 

interactions (middle panel) 
and equation of state (right 

panel).

Kachelriess,  Tomas,  Buras, Janka, Marek, Rampp (PRD 71, 2005)

https://arxiv.org/abs/astro-ph/0412082
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Supernova parameters uncertainties: mean energy
Kachelriess,  Tomas,  Buras, Janka, Marek, Rampp (PRD 71, 2005)
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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), 
microphysics of neutrino 

interactions (middle panel) 
and equation of state (right 

panel).

https://arxiv.org/abs/astro-ph/0412082


Supernova neutrinos emission: details

φνβ
(E, t) = ξβ(t) ( E

⟨Eνβ
(t)⟩ )

αβ(t)

e{ −[αβ(t) + 1] E
⟨Eνβ(t)⟩ }

Φ0
νβ

(E, t) =
Lνβ

(t)

4πD2

φνβ
(E, t)

⟨Eνβ
(t)⟩

Φ0
νμ

, Φ0
ντ

≡ Φ0
νx

αβ(t) =
2⟨Eνβ

(t)⟩2 − ⟨E2
νβ

(t)⟩

⟨E2
νβ

(t)⟩ − ⟨Eνβ
(t)⟩2
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95% CL95% CL

Dependency on SN parameters
⟨Eνβ

⟩ = (1 + f 1
νβ

) ⟨Eνβ
⟩0

ανβ
= (1 + f 2

νβ
) α0

νβ

Two time-windows: [0, 0.5] s and [0.5, 10] sOne time-windows: [0, 10] s
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Δti =
D
2c ( mν

Ei )
2

ti = δti − Δti + toff

L(ti , mν) = ∫ R(ti , E) G(E) dE

• Dataset generation

 generation by fixing (δti , Ei ) D

Likelihood analysis

χ2(ti , mν) = − 2 log(L)

Δχ2(mν) = χ2(mν) − χ2
min(mν)

• Likelihood construction

• Sensitivity to mν

Pagliaroli, Vissani, Costantini, Ianni (Astropart. Phys. V31, 2009)

: Gaussian smearing (10% energy resolution)G(E)

Backup

https://arxiv.org/abs/0810.0466
https://arxiv.org/search/astro-ph?searchtype=author&query=Pagliaroli%2C+G


Evolution operator definition

𝒯(Pj−1Pj) = exp{−i(H0 − Vmatter ,j) ⋅ lj}

H0 =
UPMNS Mmass U†

PMNS

2E

Vmatter,j = diag( 2 GF Nj(x))

Nj(x) =
1
lj ∫

xj

xj−1

Nj(x) dx

Nj(x) = αj + βjx2 + γjx4

Lisi, Montanino (PRD 56, 1997)

Backup

https://arxiv.org/abs/hep-ph/9702343


θ

𝒯αβ = 𝒯(Pdet P1) 𝒯(P1 P2) ⋅ ⋅ ⋅ 𝒯(PM Pprod)

P2e(E, cos θ) = 𝒯eβ ⋅ UPMNS , 2

NO

IO

1 − P2e(E, cos θ)
P2e(E, cos θ)

p p̄
|Ue3 |2

|Ue3 |2

ν

Φνe
= p Φ0

νe
+ (1 − p) Φ0

νx

Φνx
=

1
2

[(1 − p) Φ0
νe

+ (1 − p) Φ0
νx

Lisi, Montanino (PRD 56, 1997)

https://arxiv.org/abs/hep-ph/9702343
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Earth matter effects



Mikheyev-Smirnov-Wolfenstein effect
Adiabatic or partially adiabatic neutrino flavor conversion in medium with varying density

Mass
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Dighe, Smirnov (PRD 62, 2000)
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https://arxiv.org/pdf/hep-ph/9907423.pdf

