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Neutrino Masses
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Origin of Neutrino Masses

1st Generation 2nd Generation 3rd Generation

Quarks:
(

uL
dL

)
uR
dR

(
cL
sL

)
cR
sR

(
tL
bL

)
tR
bR

Leptons:
(
νeL
eL

)
νeR
eR

(
νµL
µL

)
νµR

µR

(
ντL
τL

)
ντR
τR

I Standard Model extension: νR ⇒ Dirac mass Lagrangian

LD ∼ mD νLνR

I This is Standard Model physics, because mD is generated by the
standard Higgs mechanism through the Yukawa Lagrangian:

LY ∼ y LLΦ̃νR
Symmetry−−−−−−→
Breaking

y v νLνR ⇒ mD ∼ y v = y 246 GeV

I Extremely small Yukawa couplings are needed to get mD . 1 eV:

y . 10−11

It is considered unnatural, unless there is a protecting BSM symmetry.
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Beyond the Standard Model
I The introduction of νR leads us beyond the Standard Model because

they can have the Majorana mass Lagrangian

L M
R ∼ mR ν

c
RνR singlet under SM symmetries!

I This is beyond the Standard Model because mR is not generated by the
Higgs mechanism of the Standard Model ⇒ new BSM physics is
required.

I The Majorana mass Lagrangian can be avoided by imposing lepton
number conservation which should anyway be explained by some physics
beyond the Standard Model.
I Dirac mass Lagrangian: mDνLνR

L(νL) = L(νR) = +1 =⇒ Lepton number conservation

I Majorana mass Lagrangian: mR ν
c
RνR νc

R = CνR
T = CγT

0 (ν†R)
T

L(νc
R) = −L(νR) =⇒ Lepton number violation |∆L| = 2

I A Majorana mass Lagrangian for νL is forbidden by the symmetries of
the Standard Model
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No Majorana Neutrino Mass in the SM
I Majorana Mass Lagrangian for SM νL: L M

L ∼ mL ν
c
LνL = −νT

L C† νL

I Eigenvalues of the weak isospin I, of its third component I3, of the hypercharge
Y and of the charge Q of the lepton and Higgs multiplets:

I I3 Y Q = I3 + Y
2

lepton doublet LL =

νL

`L

 1/2
1/2

−1/2
−1

0

−1

lepton singlet `R 0 0 −2 −1

Higgs doublet Φ(x) =

φ+(x)
φ0(x)

 1/2
1/2

−1/2
+1

1

0

I νT
L C† νL has I3 = 1 and Y = −2 =⇒ needed Y = 2 Higgs triplet (I = 1,

I3 = −1)
I Compare with Dirac Mass Lagrangian ∝ νRνL with I3 = 1/2 and Y = −1

balanced by φ0 → v with I3 = −1/2 and Y = +1
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Dirac-Majorana Mass Lagrangian
I One-Generation Dirac-Majorana mass Lagrangian:

L D+M
mass = L D

mass + L R
mass

= −mD (νL νR + νR νL)−
1
2 mR

(
νc

R νR + νR ν
c
R
)

= −1
2
(
νL νc

R
)( 0 mD

mD mR

)(
νc

L
νR

)
− 1

2
(
νc

L νR
)( 0 mD

mD mR

)(
νL
νc

R

)
I Since the Dirac mass mD couples νL and νR , these chiral fields are not

mass eigenstates.

I To get the mass eigenstate fields that describe the physical massive
neutrinos we need to diagonalize the Dirac-Majorana mass Lagrangian.
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I Dirac-Majorana mass Lagrangian:

L D+M
mass = −1

2
(
νc

L νR
)( 0 mD

mD mR

)(
νL
νc

R

)
+ H.c.

I In matrix form: L D+M
mass = −1

2 Nc
L M NL + H.c.

with NL =

(
νL
νc

R

)
and M =

(
0 mD

mD mR

)
I Diagonalization: NL = U nL with nL =

(
ν1L
ν2L

)
L D+M

mass = −1
2 nc

L UT M U nL + H.c.

UT M U =

(
m1 0
0 m2

)
with real mk ≥ 0

L D+M
mass = −1

2
∑

k=1,2
mk

(
νc

kL νkL + νkL ν
c
kL
)
= −1

2
∑

k=1,2
mk νk νk

νk = νkL + νc
kL =⇒ νk = νc

k Massive neutrinos are Majorana!
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I The treatment can be generalized to three generations with the same
conlusion:

The Dirac-Majorana mass Lagrangian implies Majorana massive neutrinos!

I A definition of a total lepton number for the Majorana massive neutrino
field νk is forbidden by the Majorana constraint:

Z
Z
ZZ�

�
��L = +1 ←− νk = νc

k −→
Z
Z
ZZ�

�
��L = −1

I We can still assign a lepton number to νkL in the SM limit:

L(νkL) = +1 =⇒ L(νc
kL) = −1

I The conservation of this lepton number is violated by the Majorana
mass Lagrangian:

L D+M
mass = −1

2
∑

k
mk

(
νc

kL νkL + νkL ν
c
kL
)

=⇒ |∆L| = 2

I Best process to find |∆L| = 2: Neutrinoless Double-β Decay
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Seesaw Mechanism

L D+M
mass = −1

2
(
νc

L νR
)( 0 mD

mD mR

)(
νL
νc

R

)
+ H.c.

mR can be arbitrarily large (not protected by SM symmetries)

mR ∼ scale of new physics beyond Standard Model ⇒ mR � mD

diagonalization of
(

0 mD
mD mR

)
=⇒ mν '

m2
D

mR
mN ' mR

〈Φ〉N

ν

seesaw mechanism

natural explanation of smallness
of light neutrino masses

massive neutrinos are Majorana ⇒ ββ0ν

ν ' −i
(
νL − νc

L
)

N ' νR + νc
R

3-GEN ⇒ effective low-energy 3-ν mixing
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Majorana Neutrinos
There are compelling arguments in favor of Majorana Neutrinos:
I A Majorana field is simpler than a Dirac field:

I A Majorana field corresponds to the fundamental spinor representation of
the Lorentz group.

I A Dirac field is made of two Majorana fields degenerate in mass.
Therefore, if there is no additional constraint (as L conservation), a
neutral elementary particle as the neutrino is naturally Majorana.

I The seesaw mechanism if νR is introduced to generate neutrino masses.

I A general Effective Field Theory argument from high-energy new physics:

L = LSM +
g5
M

O5 +
g6
M2 O6 + . . .

I O5: Majorana neutrino masses (Lepton number violation and ββ0ν decay).

O5 = (L Φ̃) (Φ̃T Lc) L =

(
νL
`L

)
Φ̃ =

(
φ0
−φ+

)
I O6: Baryon number violation (proton decay), neutrino Non-Standard

Interactions (NSI), neutrino magnetic moments.
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I The only SU(2)L × U(1)Y invariant dim-5 Lagrangian term that can be
constructed with SM fields:

L5 = − g5
M

[(
LL Φ̃

)(
Φ̃T Lc

L

)
+
(

Lc
L Φ̃

∗
)(

Φ̃† LL

)]
I Electroweak Symmetry Breaking:

Φ̃ = iσ2 Φ
∗ EW Symmetry−−−−−−−−→

Breaking

1√
2

(
v + H(x)

0

)

I L5
EW Symmetry−−−−−−−−→

Breaking
L M

mass = −
1
2

g5 v2

M
(
νL ν

c
L + νc

L νL
)

I Majorana neutrino mass: m =
g5 v2

M
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I General Seesaw Mechanism: m ∝ v2

M
= v v
M

natural explanation of the strong suppression of neutrino masses with
respect to the electroweak scale

I Example: M∼ 1015 GeV (GUT scale)

v ∼ 102 GeV =⇒ v
M
∼ 10−13 =⇒ m ∼ 10−2 eV
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Effective Low-Energy 3ν Majorana Mixing

να =
3∑

k=1
Uαkνk for α = e, µ, τ with νk = νc

k

Standard Parameterization of Mixing Matrix (as CKM)

U =


c12c13 s12c13 s13e−iδ13

−s12c23−c12s23s13eiδ13 c12c23−s12s23s13eiδ13 s23c13

s12s23−c12c23s13eiδ13 −c12s23−s12c23s13eiδ13 c23c13




1 0 0
0 eiλ21 0
0 0 eiλ31


cab ≡ cosϑab sab ≡ sinϑab 0 ≤ ϑab ≤

π

2 0 ≤ δ13, λ21, λ31 < 2π

OSCILLATION
PARAMETERS


3 Mixing Angles: ϑ12, ϑ23, ϑ13
1 CPV Dirac Phase: δ13
2 independent ∆m2

kj ≡ m2
k −m2

j : ∆m2
21, ∆m2

31

2 CPV Majorana Phases: λ21, λ31 ⇐⇒ |∆L| = 2 processes
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Neutrino Mass Ordering

νe νµ ντ

∆m
2

ATM

∆m
2

SOL

ν2

ν1

ν3

m
2

Normal Ordering

∆m2
31 > ∆m2

32 > 0

m
2

∆m
2

SOL

ν2

ν1

∆m
2

ATM

ν3

Inverted Ordering

∆m2
32 < ∆m2

31 < 0

absolute scale is not determined by neutrino oscillation data
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Neutrinoless Double-Beta Decay
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Figure 1: Representation of the energies of the A = 76 isobars. The single-beta decay (β)—green arrows—
between 76Ge and 76Se is energetically forbidden, hence leaving double beta (ββ)—pink arrow—as the
only decay channel. The two mass parabolas exist because of the pairing interaction that lowers the energy
of even Z—even N nuclei with respect to odd Z—odd N nuclei. For odd A nuclei there is a single mass
parabola, and all single-beta transitions are energetically allowed (taken from J. Menendez’s PhD thesis).

nuclei [3], with lifetimes in the range 1018–1022 y. The alternative is the neutrinoless double-
beta decay (0νββ), proposed by Furry [4] after the Majorana theory of the neutrino [5]. The
neutrinoless decay 0νββ can only take place if the neutrino is a massive Majorana particle
and demands an extension of the standard model of the electroweak interactions, because
it violates the lepton number conservation. Therefore, the observation of the double-beta
decay without emission of neutrinos will sign the Majorana character of the neutrino. The
corresponding nuclear reactions are the following:

A
ZXN−→A

Z+2XN−2 + 2e− + 2νe,

A
ZXN−→A

Z+2XN−2 + 2e−.
(1.1)

Currently, there is a number of experiments either taking place or expected for the
near future—see, for example, [6, 7] and Section 7.3.—devoted to detect this process and to
set up firmly the nature of neutrinos. Most stringent limits on the lifetime are of the order of
1025 y. A discussed claim for the existence of 0νββ decay in the isotope 76Ge (see Section 7.1)
declares that the half-life is about 2.2×1025 y [8]. Furthermore, the 0νββ decay is also sensitive
to the absolute scale of the neutrino masses (if the process is mediated by the so-called mass
mechanism), and hence to themass hierarchy (see Section 2). Since the half-life of the decay is
determined, together with the effective Majorana neutrino mass (defined later in Section 2),
by the nuclear matrix elements for the process NME, its knowledge is essential to predict the
most favorable decays and, once detection is achieved, to settle the neutrino mass scale and
hierarchy.

Another process of interest is the resonant double-electron capture which could
have lifetimes competitive with the neutrinoless double-beta decay ones only if there is a
degeneracy of the atomic mass of the initial and final states at the eV level [9]. For the
moment, high-precision mass measurements have discarded all the proposed candidates
(see [10] for a recent update of the subject). As in the neutrinoless double-beta decay,

I Semi-empirical Bethe-Weizsäcker mass formula (liquid drop model):

M = Zmp + Nmn − EB(Z ,N) ← Binding Energy

EB(Z ,N) = aVA− aSA2/3 − aC
Z (Z − 1)

A1/3 − aA
(N − Z)2

A + δP(Z ,N)

I Pairing term due to spin-coupling:

δP(Z ,N) =


aPAkP if both Z and N are even (A is even)
−aPAkP if both Z and N are odd (A is even)
0 if A is odd
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Two-Neutrino Double-β Decay: ∆L = 0

N (A,Z)→ N (A,Z + 2) + e− + e−

+ ν̄e + ν̄e

(T 2ν
1/2)

−1 = G2ν |M2ν |2

second order weak interaction
process

in the Standard Model
d u

d u

ν̄e

ν̄e

e
−

e
−

W
−

W
−

Neutrinoless Double-β Decay: ∆L = 2

N (A,Z)→ N (A,Z + 2)+ e− + e−

(T 0ν
1/2)

−1 = G0ν |M0ν |2 |mββ |2

effective
Majorana

mass
|mββ | =

∣∣∣∣∣∑
k

U2
ek mk

∣∣∣∣∣
d

d

mk

Uek

Uek

u

e
−

e
−

u
W

−

W
−

νkL

ν̄kR
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d

d

mk

Uek

Uek

u

e
−

e
−

u
W

−

W
−

νkL

ν̄kR

I First vertex (below): leptonic CC current in β and ββ decay:

j(β)µ (x) = e(x)γµ (1− γ5) νe(x) =
∑

k
e(x)γµ (1− γ5)Uekνk(x)

I e(x) creates e− as needed
I (1− γ5) νk(x) = 2νkL(x) destroys νkL as needed (and creates ν̄kR)

I Second vertex (above): j(β)†µ (x) =
∑

k
νk(x)U∗

ekγµ (1− γ5) e(x) ?

I Does not work, because e(x) destroys e− and creates e+
I We need to rearrange j(β)µ (x) that contains the needed e− creation operator
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I Charge conjugation: ψc = C ψT
ψc = −ψTC†

I Charge-conjugation matrix: C γT
µ C−1 = −γµ and


C† = C−1

CT = −C
C γT

5 C−1 = γ5

I Second vertex: the same j(β)µ (x) as in the first vertex:

j(β)µ (x) = e(x)γµ (1− γ5) νe(x) = [e(x)γµ (1− γ5) νe(x)]T

= − νT
e (x)

(
1− γT

5
)
γT
µ eT (x)

= − νT
e (x)C†C

(
1− γT

5
)
C†CγT

µ C†CeT (x)

=− νc
e (x) (1− γ5) γµec(x) = −

∑
k
νc

k (x)Uek (1− γ5) γµec(x)
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d

d

mk

Uek

Uek

u

e
−

e
−

u
W

−

W
−

νkL

ν̄kR

I First vertex (below): j(β)µ (x) =
∑

k
e(x)γµ (1− γ5)Uekνk(x)

I e(x) creates e− as needed
I (1− γ5) νk(x) destroys νkL as needed (and creates ν̄kR)

I Second vertex (above): j(β)µ (x) = −
∑

k
νc

k (x)Uek (1− γ5) γµec(x)

Obviously the properties of this version of j(β)µ (x) are the same as those
of j(β)µ (x) in the first vertex:
I ec(x) creates e− as needed
I νc

k (x) (1− γ5) = νc
kR(x) creates ν̄kR as needed (and destroys νkL)
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d

d

mk

Uek

Uek

u

e
−

e
−

u
W

−

W
−

νkL

ν̄kR

I Leptonic tensor in the ββ0ν amplitude:

Aµν = −
∑
k,j

e(x)γµ (1− γ5)Uekνk(x)νc
j (y)Uej (1− γ5) γνec(y)

I νk(x)νc
j (y) gives a propagator only if νk(x) and νc

j (x) are the same
field: k = j and νc

j = νj ← massive Majorana neutrinos!
I Propagator for Majorana massive neutrinos:

〈0|T
[
νk(x)νc

j (y)
]
|0〉 = 〈0|T [νk(x)νk(y)] |0〉δkj
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I The propagator 〈0|T [νk(x)νk(y)] |0〉 is the same as for a Dirac field:

〈0|T [νk(x)νk(y)] |0〉 = lim
ε→0

i
∫ d4p

(2π)4
/p + mk

p2 −m2
k + i ε

e−ip·(x−y)

I Leptonic tensor:

Aµν ∝
∑

k
U2

ek

∫ d4p
(2π)4 e(x)γµ (1− γ5)

/p + mk

p2 −m2
k
(1− γ5) γνec(y) e−ip·(x−y)

I Numerator: (1− γ5)/p(1− γ5) = /p(1+ γ5)(1− γ5) = 0 ⇒ mk > 0 needed!
I Denominator: for light massive neutrinos m2

k � p2

p & 1/R with R ≈ 1.2 A1/3 fm

A . 200 =⇒ R . 7 fm =⇒ p & 30 MeV� mk

I Therefore, mk in the denominator can be neglected and we obtain:

Aµν ∝
∑

k
U2

ekmk︸ ︷︷ ︸
mββ

∫ d4p
(2π)4 e(x)γµ (1− γ5) γνec(y) e−ip·(x−y)

p2
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Effective Majorana Neutrino Mass

mββ =
∑

k
U2

ek mk complex Uek ⇒ possible cancellations

mββ = |Ue1|2 m1 + |Ue2|2 e iα2 m2 + |Ue3|2 e iα3 m3

α2 = 2λ2 α3 = 2 (λ3 − δ13)

α2

α3

U
2

e1m1

mββ

Re[mββ]

U
2

e3m3

Im[mββ]

U
2

e2m2

α3

α2

U
2

e1m1 Re[mββ]

Im[mββ]

U
2

e3m3 U
2

e2m2

|mββ| = 0
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90% C.L. Experimental Bounds

ββ− decay experiment T 0ν
1/2 [y] mββ [eV]

48
20Ca→ 48

22Ti ELEGANT-VI > 1.4× 1022 < 6.6− 31

76
32Ge→ 76

34Se

Heidelberg-Moscow > 1.9× 1025 < 0.23− 0.67
IGEX > 1.6× 1025 < 0.25− 0.73
Majorana > 4.8× 1025 < 0.20− 0.43
GERDA > 8.0× 1025 < 0.12− 0.26

82
34Se→ 82

36Kr NEMO-3 > 1.0× 1023 < 1.8− 4.7
100
42Mo→ 100

44Ru NEMO-3 > 2.1× 1025 < 0.32− 0.88
116
48Cd→ 116

50Sn Solotvina > 1.7× 1023 < 1.5− 2.5
128
52Te→ 128

54Xe CUORICINO > 1.1× 1023 < 7.2− 18
130
52Te→ 130

54Xe CUORE > 1.5× 1025 < 0.11− 0.52
136
54Xe→ 136

56Ba EXO > 1.1× 1025 < 0.17− 0.49
KamLAND-Zen > 1.1× 1026 < 0.06− 0.16

150
60Nd→ 150

62Sm NEMO-3 > 2.1× 1025 < 2.6− 10
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|m
β

β
| 
  
[e

V
]

10
−1

1

10

NEMO−3

GERDA

CUPID

NEMO−3

Solotvina

CUORICINO

CUORE
EXO

K−ZEN

NEMO−3

20

48
Ca 32

76
Ge 34

82
Se

42

100
Mo 48

116
Cd 52

128
Te 52

130
Te 54

136
Xe 60

150
Nd

NSM QRPA IBM−2 EDF PHFB

|mββ | =
(

G0ν |M0ν |2 T 0ν
1/2

)−1/2

C. Giunti − Theory and Phenomenology of Neutrinoless Double-Beta Decay − CCEPP Summer School 2021 − 25/39



Jonathan Engel: Introduction to the nuclear theory aspects and problems of 0𝜈𝛽𝛽

x gA
2

[Jonathan Engel @ Mini Workshop: Nuclear Theory of Neutrinoless Double-Beta Decay, 22 July 2020]
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Jonathan Engel: Introduction to the nuclear theory aspects and problems of 0𝜈𝛽𝛽

[Jonathan Engel @ Mini Workshop: Nuclear Theory of Neutrinoless Double-Beta Decay, 22 July 2020]
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Jonathan Engel: Introduction to the nuclear theory aspects and problems of 0𝜈𝛽𝛽

[Jonathan Engel @ Mini Workshop: Nuclear Theory of Neutrinoless Double-Beta Decay, 22 July 2020]
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Javier Menendez: First principles calculation of 0𝜈𝛽𝛽

[Javier Menendez @ Mini Workshop: Nuclear Theory of Neutrinoless Double-Beta Decay, 22 July 2020]
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Predictions from Neutrino Oscillations
mββ = |Ue1|2 m1 + |Ue2|2 e iα2 m2 + |Ue3|2 e iα3 m3
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Lightest mass:    m1    [eV]
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mββ = |Ue1|2 m1 + |Ue2|2 e iα2 m2 + |Ue3|2 e iα3 m3
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Michele Maltoni: Neutrino masses and 0𝜈𝛽𝛽 from neutrino oscillations 

[Michele Maltoni @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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Michele Maltoni: Neutrino masses and 0𝜈𝛽𝛽 from neutrino oscillations 

[Michele Maltoni @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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Silvia Pascoli: CP violation in 0𝜈𝛽𝛽 

[Silvia Pascoli @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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Silvia Pascoli: CP violation in 0𝜈𝛽𝛽

Examples of model predictions

[Silvia Pascoli @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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Michael Ramsey-Musolf: Non-standard contributions to 0𝜈𝛽𝛽

[Michael Ramsey-Musolf @ Mini Workshop: Particle Theory of Neutrinoless Double-Beta Decay, 15 July 2020]
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ββ0ν Decay ⇔ Majorana Neutrino Mass
I |mββ | can vanish because of unfortunate cancellations among the ν1, ν2,
ν3 contributions or because neutrinos are Dirac particles.

I However, ββ0ν decay can be generated by another BSM mechanism.
I In this case, Majorana masses are generated by radiative corrections:

d

d u

u

e−

e−

ββ0ν
=⇒

d

d u

u

e−

W+

W+

e−
ββ0ν

νjL

νc
kL

U ∗

ej

U ∗

ek

[Schechter, Valle, PRD 25 (1982) 2951; Takasugi, PLB 149 (1984) 372]

I Majorana Mass Lagrangian: L M
mass = −

1
2 mbox

∑
j,k

U∗
ejU∗

ekνjLν
c
kL + H.c.

I Very small four-loop diagram contribution: mbox ∼ 10−24 eV
[Duerr, Lindner, Merle, arXiv:1105.0901]
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Conclusions
I It is likely that light neutrinos are Majorana particles and generate ββ0ν

decay through mββ .

I Unfortunate cancellations among the light massive neutrino
contributions can suppress |mββ |.

I ββ0ν decay can also be generated by heavy Majorana neutrinos or other
BSM physics.

I In any case finding ββ0ν decay is important for:
I Finding total Lepton number violation (|∆L| = 2) (BSM physics).
I Establishing the Majorana nature of neutrinos (BSM physics).

I On the other hand, even if ββ0ν decay is not found, it is very difficult to
prove experimentally that neutrinos are Dirac particles, because
I A Dirac neutrino is equivalent to 2 Majorana neutrinos with the same mass.
I It is impossible to prove experimentally that the mass splitting is exactly

zero.
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