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Understanding neutrino mass 
It is a natural way to open a Window on a model beyond Standard Model of particle physics 

In the SM, the masses of the fermions are generated by means of a Yukawa coupling of the scalar Higgs doublet φ with a fermion right-
handed and left-handed component. The former is an SU(2)L singlet, the latter is part of a doublet. For leptons, we can build such a term 
coupling the left-handed lepton doublets  with the right-handed charged lepton fields LL ER

−LYukawa,lep = Yl
ijL̄LΦERj + h . c .

After spontaneous symmetry breaking this term give the mass term  ml
ij = Yl

ij
v

2
where v is the v.e.v. of Higgs field. Since in the SM there

Since in the SM There right-handed neutrino is missing we can’t build Yukawa interaction for neutrinos and consequently they are massless. With 
the particle content of the SM the only possible neutrino mass term that could be constructed is the bilinear operator , but this term is 
forbidden in the SM because it violates the accidental symmetry and so conservation law of total lepton number, furthermore violates the actual SM 
symmetry that brings to the B-L conservation. 

L̄LLc
L
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−LMν
= MDij

ν̄siνLj +
1
2

MNij
ν̄siνc

sj + h . c .

−LMν
=

1
2 ( νc

L, νs ) ( 0 MT
D

MD MN) νc
L

νs

+ h . c .

−LMν
=

1
2

ν̄lMlνl +
1
2

N̄MhN Ml ≃ − VT
l MT

DM−1
D MDVl Mh ≃ VT

h MNVh

Vν =
(1 − 1

2 M†
DM*−1

N M−1
N MD)Vl M†

DM*−1
N Vh

−M−1
N MDVl (1 − 1

2 M−1
N MDM†

DM*−1
N )Vh

To extend the Standard Model to introduce 
neutrino mass 
See-Saw mechanism
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Neutrino oscillations I 
First indirect evidence of neutrino mass. 

For the case of 3+m neutrinos the Lagrangian of the leptonic CC interaction in the mass basis takes the 
form: 

−LCC =
g

2
(ēL, μ̄L τ̄L) γμU

ν1

ν2

ν3
...

νn

UPMNS =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

c12 s12 0
−s12 c12 0

0 0 1

Where the Pontecorvo-Maki-Nagakawa-Sakata matrix describe the linear combination between 
flavour and mass eigenstates of the three SM neutrinos.
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Neutrino oscillations II 
First indirect evidence of neutrino mass. 

For sake of simplicity we report only the two neutrino oscillation phases formula 

Pij = sin2 2θij sin (1.27 ⋅
m2

i − m2
j

eV2

L
E

GeV
Km )
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Neutrino oscillations III 
First indirect evidence of neutrino mass. 

This phenomenon has been tested with different neutrino sources. 
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Solar neutrino oscillations
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Atmospheric Neutrino oscillations

Super-Kamiokand 

OPERA 

IceCube 

Antares 

Iper-Kamiokande (future) 

DUNE (future) 
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Accelerator Neutrino oscillations 
Long and Short baseline

LSND 
KARMEN 
MiniBoone 
MicroBoone
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Reactor anti-Neutrino oscillations



M Messina, INFN-LNGSNNN2025, Sudbury, Canada 
13

w
it
h
o
u
t
S
K

a
t
m
o
s
p
h
e
r
ic

d
a
t
a

Normal Ordering (best fit) Inverted Ordering (�‰2
= 2.3)

bfp ±1‡ 3‡ range bfp ±1‡ 3‡ range

sin
2 ◊12 0.303+0.012

≠0.011 0.270 æ 0.341 0.303+0.012
≠0.011 0.270 æ 0.341

◊12/¶
33.41+0.75

≠0.72 31.31 æ 35.74 33.41+0.75
≠0.72 31.31 æ 35.74

sin
2 ◊23 0.572+0.018

≠0.023 0.406 æ 0.620 0.578+0.016
≠0.021 0.412 æ 0.623

◊23/¶
49.1+1.0

≠1.3 39.6 æ 51.9 49.5+0.9
≠1.2 39.9 æ 52.1

sin
2 ◊13 0.02203+0.00056

≠0.00059 0.02029 æ 0.02391 0.02219+0.00060
≠0.00057 0.02047 æ 0.02396

◊13/¶
8.54+0.11

≠0.12 8.19 æ 8.89 8.57+0.12
≠0.11 8.23 æ 8.90

”CP/¶
197

+42
≠25 108 æ 404 286

+27
≠32 192 æ 360

�m2
21

10≠5 eV
2 7.41+0.21

≠0.20 6.82 æ 8.03 7.41+0.21
≠0.20 6.82 æ 8.03

�m2
3¸

10≠3 eV
2 +2.511+0.028

≠0.027 +2.428 æ +2.597 ≠2.498+0.032
≠0.025 ≠2.581 æ ≠2.408
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Normal Ordering (best fit) Inverted Ordering (�‰2
= 6.4)

bfp ±1‡ 3‡ range bfp ±1‡ 3‡ range

sin
2 ◊12 0.303+0.012

≠0.012 0.270 æ 0.341 0.303+0.012
≠0.011 0.270 æ 0.341

◊12/¶
33.41+0.75

≠0.72 31.31 æ 35.74 33.41+0.75
≠0.72 31.31 æ 35.74

sin
2 ◊23 0.451+0.019

≠0.016 0.408 æ 0.603 0.569+0.016
≠0.021 0.412 æ 0.613

◊23/¶
42.2+1.1

≠0.9 39.7 æ 51.0 49.0+1.0
≠1.2 39.9 æ 51.5

sin
2 ◊13 0.02225+0.00056

≠0.00059 0.02052 æ 0.02398 0.02223+0.00058
≠0.00058 0.02048 æ 0.02416

◊13/¶
8.58+0.11

≠0.11 8.23 æ 8.91 8.57+0.11
≠0.11 8.23 æ 8.94

”CP/¶
232

+36
≠26 144 æ 350 276

+22
≠29 194 æ 344

�m2
21

10≠5 eV
2 7.41+0.21

≠0.20 6.82 æ 8.03 7.41+0.21
≠0.20 6.82 æ 8.03

�m2
3¸

10≠3 eV
2 +2.507+0.026

≠0.027 +2.427 æ +2.590 ≠2.486+0.025
≠0.028 ≠2.570 æ ≠2.406

Δm2
ij ≡ m2

i − m2
j

Spectrum with Normal ordering (NO) ⇒ m1 < m2 < m3

Spectrum with Inverted ordering (IO) ⇒ m3 < m1 < m2

Δm2
21

Δm2
32

Δm2
31 = Δm2

32 + Δm2
21

Always smallest mass splitting

Largest mass splitting in IO

Largest mass splitting in NO
⇒ m2 = Δm2

21 ∼ 8.6 × 10−3 eV, m3 ≃ Δm2
32 + Δm2

21 ∼ 0.05 eVNO

IO ⇒ m1 ≃ Δm2
32 + Δm2

21 ∼ 0.0492 eV, m2 ≃ Δm2
32 ∼ 0.05 eV

Quasidegenerate case m1 ≃ m2 ≃ m3 ≫ Δm2
32

What we can conclude from Neutrino Oscillations



A closer look at the direct mass 
measurement
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m2
β = Σi |Uei |

2 m2
i

mββ = |ΣiU2
eimi |

msum = Σimi

Mass parameters:

Beta decay

Neutrinoless double beta decay

Cosmology
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 one more laboratory on masses0ν2β
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KamLAND-Zen (136Xe)

LEGEND-200 (76Ge)

T1/2 < 3.8 × 1026 y

mee < 28 − 122 meV

T1/2 < 1.9 × 1026 y

mee < 79 − 180 meV



BETA DECAYS AS A NATURAL WAY TO MEASURE 
NEUTRINO MASS EIGENSTATE 

Constraints from Kinematics of weak decays
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dN
dE

= CpE(Q − T)F(E) (Q − T)2 − (meff
νe

)2 Fermi proposed to exploit 3H →2 He + e− + ν̄e

m2
β = Σi |Uei |

2 m2
i

EventROI ∝ ( ΔE
Q )

3
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Constraints from Kinematics of weak decays
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m2
π =

m2
μ + m2

ν + 2p2 + 2EμEν =

m2
μ + m2

ν + 2E2
μ − 2m2

μ + 2EμEν =

−m2
μ + m2

ν + 2Eμ(Eμ + Eν) ⇒

m2
νμ

= m2
π + m2

μ − 2mπEμ

π → μ + νμ

meff
νμ

< 190 keV @ 95 C.L.

τ → hadrons + ντ

meff
ντ

< 18.2 MeV @ 95 C.L.



Experiments exploiting tritium 
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Prog. Part. Nucl. Phys., Vol. 32, pp 131-151, 1994



Experiments exploiting tritium 
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Zurich experiments

This experiment was conceived
after the publication of the ITEP
results where a neutrino mass of
35 eV evidence “was found”. 
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TAUP2025



Experiments exploiting tritium 
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In an adiabatic motion not only kinetic energy is conserved but also magnetic moment.

1
B

dB
dt

= ω < < ωc

μ =
(pmax

⊥ )2

2Bmax
→

(pmin
⊥ )2

2Bmin

Adiabatic condition: B changes as function of time along trajectory must be less than the 


typical Larmor frequency 

Bmax Bmin

First Lagrange invariant



M Messina, INFN-LNGSNNN2025, Sudbury, Canada 
23

TAUP2025
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arXiv:2406.13516
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Microcalorimeter technology to measure neutrino mass
This technology has a long story starting with the MARE project based on Rhenium isotope. Then and ERC 

gran allowed to start exploiting the Holmium isotope.

TAUP2025
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mβ < 27 eV @ 90 % (C . I.)
E0 only one free parameter correlated to 


Best limit on  obtained by EC capture of Ho 

mβ

mβ
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• t1/2 @ 4570 years (2*1011 atoms for 1 Bq)

• QEC   = (2863.2 ± 0.6) eV

Calorimetric measurement
A. De Rujula and M. Lusignoli, Phys. Lett. 118B (1982)  

Ch. Schweiger et al.,
Nat. Phys. 20, 921–927 (2024)

Sourc

e

Electron Capture in 163Ho

Metallic Magnetic 
Calorimeters (MMC)

!!

*

HECo experiment: Electron capture on 163Ho
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Endpoint region !"
!# = "× $(&)×($%(), &) ⊗ , &, - + /(&)

• No analytical function is available to describe A(E), the probability to create excited states with 
a given energy in the 163Dy atom

• In M. Braß et al., New J. Phys. 22 (2020) 093018 it is stated that A(E) is very smooth 
• Test of different functions has been performed

($% = ) − & ) − & & −1'
&

Preliminary

https://arxiv.org/abs/2509.03423

Q = 2862(4) eV
1( < 15 eV/c2 (90% C.I.)

ECHo-1k results
2´108   163Ho events

∆EFWHM = 6.59(16) eV @ 1.8 keV

B = 9.1(1.3)×10−6/eV/pixel/day
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Ideas for Future experiments  

KATRIN++


QTNM


PTOLEMY
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TAUP2025
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TAUP2025Future project of the KATRIN collaboration
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TAUP2025
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Mass measurement while detecting Relic Neutrinos
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Neutrino mass hints from Cosmology 

From most recent DESI data: 
 assuming flat  or 

 assuming Dark Energy 
with time evolving equation of state

Σmνi
< 0.061 eV/c2 ΛCDM

Σmν1
< 0.16 eV/c2
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Conclusion

•From beta decays measurements the most stringent limits give us: < 0.45 eV/c^2 ( < 0.31 eV/c^2)


•From Cosmology  assuming  or  assuming Dark Energy


•Neutrino Oscillation “ ”

mβ mβ

Σmνi
< 0.061eV/c2 ΛCDM Σmν1

< 0.16eV/c2

mνe > 0.050 eV/c2 (IO) or “ ”  (NO)mνe
> 0.009 eV/c2

In the next 10 years we might be hitting the 50 meV/c^2 mass sensitivity


