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Introduction

Evidence of neutrino oscillations⇒ Neutrino are massive

m1, m2, m3: ∆m2
12 ∼ 10−5eV2, ∆m2

23 ∼ 10−3eV2.

Bounds from Astrophysics/Cosmology:

3

∑
i=1

mi < 1eV

...but in the Standard Model (SM), neutrinos are massless!!!

⇒We enter physics Beyond the SM!!! ⇒ New questions arise:

Why neutrino masses are so small?
Are massive neutrinos Majorana or Dirac fermions?

Where does Neutrinos mass come from?
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Introduction

Consider Dirac masses (due to Yukawa couplings):

charged leptons︷ ︸︸ ︷
Ly = ye

(
ν̄L ēL

) (Φ+

Φ0

)
eR → ye

v√
2︸ ︷︷ ︸

me

ēLeR ; v = 246GeV.

To include a Dirac neutrino mass, we need an extra field: νR:

Ly = ye
(
ν̄L ēL

) ( Φ0

−Φ−

)
νR → yν

v√
2︸ ︷︷ ︸

mν

ēLeR.

In general for fermions, we have:
Fermion Mass (MeV) Yukawa yα

top quark 171 · 103 1
u quark 2 10−5

electron 0.5 10−6

neutrino ∼ 10−7 10−12

⇒New physics scale

L = LSM + kd=5
Od=5

M
+ kd=6

Od=6
M2 + ...

λ

M
(LLHH)︸ ︷︷ ︸
Od=5

→ λv2

M
ν̄ν
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Introduction

The Majorana mass term is also allowed⇒ LY = yν L̄ΦcνR + 1
2 Mν̄cRνR

There are many possible scenarios for seesaw
Type I:

Lmass =
1
2
(
ν̄L ν̄c

R
) ( 0 mD

mT
D M

)(
νc

L
νR

)
• Masses: mlight ∼ m2

D
M ; mheavy ∼ M

• Mixing: νe ∼ νlight + sin θNH ; sin θ ∼ mD
M

Low Scale seesaw (”inverse seesaw”)→ Additional neutrino S:

Lmass =
1
2
(
ν̄c

L ν̄R S̄
) 0 mD 0

mT
D 0 Mχ

0 MT
χ µ

νL
νc

R
Sc


• Masses: mlight ∼ µ

m2
D

M2 ; mheavy ∼ M (M not required to be huge).
• ⇒ θ ∼ mD

M not so small (maybe observable).
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Introduction

The range of right handed neutrino masses:
MN & 109 GeV: This range is motivated by Yukawa couplings yν ∼ 1. In
addition, this range allow to generate the observed baryon density in the universe
in CP-violating decays of νR neutrinos.
MN ∼ TeV:The origin of BAU may be explained by leptogenesis from
CP-violating decays if two νR masses are degenerate. Neutrino masses
are explained by the seesaw mechanism. From an experimental
viewpoint this mass range is favourable because it is accessible by high
energy experiments, such as LHC.
MN ∼ GeV: If M has at least two eigenvalues ∼GeV and another
eigenvalue in the keV range, then the FV, BAU and DM can be
described, and no other physics between the electroweak and Planck
scales is required.
MN ∼ keV: νR with keV masses are promising candidates for the DM.
MN ∼ eV: νR with eV masses can provide an explanation for the anomalies ,
which are observed in some neutrino experiments and cosmological data.
MN = 0: In this case neutrinos are Dirac particles. Then neutrino masses are
generated by the Higgs mechanism in precisely the same way as other fermion
masses, and their smallness can only be assigned to very tiny Yukawa couplings.
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Pion Decays:

Distinguishing Dirac and Majorana
neutrinos in π± decays
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Pion Decays:

Let’s assume the existence of at least one heavy ”sterile” neutrino in
the ∼GeV mass range and define the neutrino flavor state as:

ν` =
3

∑
j=1

B`jνj + B`N1
N1 + B`N2 N2 + . . . + B`Nn Nn

Here B`j = |B`j|eiθ`j are the elements of the (3 + n)× (3 + n) PMNS matrix.

The CC interaction becomes:

L`WN =
g

2
√

2

`γµ(1− γ5)

(
3

∑
j=1

B`jνj + B`N1 N1 + B`N2 N2 + . . .

)
︸ ︷︷ ︸

ν`

W− + h.c.
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Pion Decays:

Let’s assume the existence of at least one heavy ”sterile” neutrino in
the ∼GeV mass range and define the neutrino flavor state as:

ν` =
3

∑
j=1

B`jνj + B`N1
N1 + B`N2 N2 + . . . + B`Nn Nn

Here B`j and B`Nn are the elements of the PMNS matrix which is
(3 + n)× (3 + n).
The CC interaction becomes:

L`WN =
g

2
√

2

`γµ(1− γ5)

(
3

∑
j=1

B`jνj + B`N1 N1 + B`N2 N2 + . . .

)
︸ ︷︷ ︸

ν`

W− + h.c.



How does it work?

9 / 36



Introduction to Heavy Sterile Neutrinos Dirac or Majorana? CP violation in τ decays RMD 3PQDν backup

Pion Decays:

How does it work?

L`WN =
g

2
√

2

`γµ(1− γ5)

 3

∑
j=1

B`jνj + B`N1
N1 + B`N2

N2 + . . .


︸ ︷︷ ︸

ν`

W− + h.c.



The produced (on-shell) massive neutrino N could survive during its flight through the
detector, and would decay later outside it. Such decays are thus not detected and
should be eliminated from the width and the branching ratio of the considered process.

PN = 1− exp
[
− L

τNγN βN

]
≈ ΓN L

γN
if PN � 1 and β ≈ 1
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Pion Decays:

How does it work?:

Figure: Left Side: Direct Channel of (LNV) Decay. Right Side: Crossed Channel of
(LNV) Decay. (J. Zamora-Saa, et al. J.Phys. G41 (2014) 075004 ).

Figure: Left Side: Direct Channel of (LNC) Decay. Right Side: Crossed Channel of
(LNC) Decay. (J. Zamora-Saa, et al. J.Phys. G41 (2014) 075004 ).
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Pion Decays:

Heavy neutrino Decay width:

ΓN = K̃ΓN(MN) ; ΓN(MN) ≡ G2
F M5

N
96π3 ,

the factor K̃ contains the dependence on the heavy-light mixing factors

K̃(MN) ≡ K̃ = NeN |BeN |2 +NµN |BµN |2 +NτN |BτN |2
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Figure: The effective mixing coefficients N`N (` = e, µ, τ), as a function of the mass
MN of the neutrino N. (J. Zamora-Saa, et al. Phys.Rev. D89 (2014) no.9, 093012 )
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Pion Decays:

Pion decay width:

Γ(X)(π± → e±e±µ∓ν) = |k(X)|2
[
Γ̃(X)

π (DD∗) + Γ̃(X)
π (CC∗) + Γ̃(X)

π,±(DC∗) + Γ̃(X)
π,±(CD∗

]
here X stand for LNV and LNC processes and consequently k(LNV) = B2

eN ,

k(LNC) = BeN B∗µN ; the Γ̃(X)
π (YZ∗) are the normalized decay widths

Γ̃(X)
π,±(YZ∗) = K2

π
1
2!

1
2Mπ

1
(2π)8

∫
d4 P(X)(Y)P(X)(Z)∗ T(X)

π,±(YZ∗)

d4 =

(
2

∏
j=1

d3~pj

2Ee(~pj)

)
d3~pµ

2Eµ(~pµ)

d3~pν

2|~pν|
δ(4)

(
pπ − p1 − p2 − pµ − pν

)
The propagators are

P(LNC)(D) =
1[

(pπ − p1)2 −M2
N + iΓN MN

] , P(LNV)(D) = MN P(LNC)(D)

P(LNC)(C) =
1[

(pπ − p2)2 −M2
N + iΓN MN

] , P(LNV)(C) = MN P(LNC)(C)

The pion decay rates may be nonnegligible only if the intermediate neutrino N is
on-shell (Mµ + Me) < MN < (Mπ −Me).
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Pion Decays:

Pion branching ratio :

Br(Dir.)
eff (π± → e±e±µ∓ν) = |BeN |2|BµN |2

(
L

1m

) .10−6︷ ︸︸ ︷
Brπ,eff

Br(Maj.)
eff (π± → e±e±µ∓ν) = |BeN |2(|BeN |2 + |BµN |2)

(
L

1m

) .10−6︷ ︸︸ ︷
Brπ,eff

where

Brπ,eff = PN
Γ(π± → e±e±µ∓ν)

Γ(π± → all)
= PNBrπ

and

Brπ =
1

16π

K2
π M3

π

G2
FΓ(π+ → all)

1
x3

π
λ1/2(xπ , 1, xe) [xπ − 1 + xe(xπ + 2− xe)]F (xµ, xe)
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Pion Decays:

The presently known experimental bounds on the mixing parameters |B`N |2
(` = e, µ) in our relevant mass range, are: |BeN |2 . 10−8; |BµN |2 . 10−6.
The future pion factories, such as the Project X at Fermilab, will be designed
to produce charged pions with lab energies Eπ of a few GeV, and ∼ 1029

charged pions could be expected per year.

If the larger among the mixing elements (|B`N |2, ` = e, µ) is |BµN |2
(. 10−6), the LNC processes dominate, and the effective branching
ratios have the common upper bounds:

Br(Dir.,Maj.)
eff . |BeN |2|BµN |210−6 . |BeN |210−12 (3)

If in this case |BeN |2 is close to its present upper bound, |BeN |2 ∼ 10−8,
we obtain Br(Dir.,Maj.)

eff . 10−20. This implies that up to 109 events
π± → e±e±µ∓ν could be detected per year in such a scenario.
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Pion Decays:

The presently known experimental bounds on the mixing parameters |B`N |2
(` = e, µ) in our relevant mass range, are: |BeN |2 . 10−8; |BµN |2 . 10−6.
The future pion factories, such as the Project X at Fermilab, will be designed
to produce charged pions with lab energies Eπ of a few GeV, and ∼ 1029

charged pions could be expected per year.

If the larger among the mixing elements (B`N |2, ` = e, µ) is |BeN |2
(. 10−8), the LNV processes dominate, and the effective branching
ratios have the following upper bounds:

Br(Dir.)
eff . |BµN |210−14 (4a)

Br(Maj.)
eff . 10−22 (4b)

In such a case we have |BµN |2 < |BeN |2 . 10−8, and up to 107 events
could be detected per year.
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Pion Decays:

Pion differential branching ratio
(

dBrπ
dEµ

= 1
Γπ→all

dΓπ
dEµ

)
:

The combined canonical branching ratio

dBrπ(α)

dEµ
≡ α

dBr(LNV)
π

dEµ
+ (1− α)

dBr(LNC)
π

dEµ

here α is an admixture parameter

αM =
|k(LNV)|2

(|k(LNV)|2 + |k(LNC)|2)
=

|BeN |2
(|BeN |2 + |BµN |2)

The differential branching ratio for Dirac and Majorana neutrinos are:

dBr(Dir.)(π± → e±e±µ∓ν)

dEµ
=

|k(LNC)|2
K̃(Dir.)

dBrπ(α = 0)
dEµ

dBr(Maj.)(π± → e±e±µ∓ν)

dEµ
=

(|k(LNV)|2 + |k(LNC)|2)
K̃(Maj.)

dBrπ(α = αM)

dEµ
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Pion Decays:
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Figure: The canonical differential branching ratio dBrπ(αM)/dEµ as a function of the
muon energy in the neutrino N rest frame, Eµ. In each graph there are five curves,
corresponding to different values of the admixture parameter αM: αM = 1.0 is the solid
(M) curve; 0.8 (dotted); 0.5 (dot-dashed); 0.2 (dashed). The case mediated by a Dirac
neutrino (αM = 0) is the solid line labelled (D). (Work in progress with: A. Gago & M.
Delgado de la Flor, Minerνa. )
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τ decays:

CP violation in τ decays:
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τ Decays:

CP violation in τ decays: Let’s consider: ν` = ∑3
j=1 B`jνj + B`N1 N1 + B`N2 N2

Figure: Feynmann diagrams for the process τ+ → M+
1 M+

2 `−. Left side: Direct channel
D. Right side: Crossed channel C. (J. Zamora-Saa. arXiv:1612.07656)

Figure: Feynmann diagrams for the process τ− → M−1 M−2 `+. Left side: Direct channel
D. Right side: Crossed channel C. (J. Zamora-Saa. arXiv:1612.07656)
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τ Decays: Decay width

The decay with of the process is

Γ(τ±) =
1
2!
(2− δM1 M2 )

2

∑
i=1

2

∑
j=1

k(±)i k(±)∗j

×
[
Γ̃τ(DD∗)ij + Γ̃τ(CC∗)ij + Γ̃τ±(DC∗)ij + Γ̃τ±(CD∗)ij

]
,

where
(

k(+)
j = B`Nj

B∗τNj

)
and

(
k(−)j = (k(+)

j )∗
)

and the canonical decay
widths is given as

Γ̃τ±(XY∗)ij ≡ K2
τ

1
2Mτ

∫
d3 Pi(X)Pj(Y)∗/L

X
±/LY†
± ,

here

d3 ≡
d3~p1

2E1(~p1)

d3~p2
2E2(~p2)

d3~p`
2E`(~p`)

δ(4) (pτ − p1 − p2 − p`)
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τ Decays: Decay width

The decay with of the process is:

Γ(τ±) =
1
2!

2

∑
i=1

2

∑
j=1

k(±)i k(±)∗j ×
[
Γ̃τ(DD∗)ij + Γ̃τ(CC∗)ij

]
= |B`N1

|2|BτN1
|2Γ̃τ(DD∗)11 + |B`N2

|2|BτN2
|2Γ̃τ(DD∗)22

+ 2|B`N1
||B`N2

||BτN1
||BτN2

|Γ̃τ(DD∗)11 cos(θ12)δ12 ,

here δ12 ≡
<
[

Γ̃τ(DD∗)12

]
Γ̃τ(DD∗)11

measures the effect of N1 − N2 overlap
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y≡ ∆mij
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y

Figure: Red line overlap function δ12. Blue line η(y) function. Black line η(y)/y
function. (J. Zamora-Saa. arXiv:1612.07656)
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τ Decays: CP violation in τ decays

Breff(τ±) = PNj Br(τ±) = PNj

Γ(τ±)
Γ(τ± → all)

.

Where does CP violation come from:
Complex phases in the transition amplitudes.

The CP-odd phases are those that come from the Lagrangian of the theory,
in other words from the heavy-light mixing elements; these phases change
sign between a process and its conjugate.
On the other hand, the CP-even phases appear as absorptive parts in the
propagators and do not change sign for the conjugate process

The observable effects only arise due to interference of at least two
amplitudes.
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τ Decays: CP violation in τ decays

ACP Breff(τ+) =
Γ(τ+)− Γ(τ−)
Γ(τ+) + Γ(τ−)

Breff(τ+) ≈ PNj

Γ(τ+)− Γ(τ−)
2Γ(τ+ → all)

Γ(τ+)− Γ(τ−) ≈ 4|B`N1
||B`N2 ||BτN1 ||BτN2 | sin θ12 =

[
Γ̃τ(DD∗)12

]
=
[
Γ̃τ(DD∗)12

]
=

1
2Mτ

∫
d3 =

[
P1(D)P2(D)∗

]
|/LD

+|2 .

=
[

P1(D)P2(D)∗
]
=

(
p2

N −M2
N1

)
ΓN2 MN2 − ΓN1 MN1

(
p2

N −M2
N2

)
[(

p2
N −M2

N1

)2
+ Γ2

N1
M2

N1

] [(
p2

N −M2
N2

)2
+ Γ2

N2
M2

N2

]

≈
Resonant CP Violation︷ ︸︸ ︷

π

M2
N2
−M2

N1

[
δ(p2

N −M2
N2
) + δ(p2

N −M2
N1
)
]

;
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τ Decays: CP violation in τ decays

The validity of RCPV strongly depends on the assumption
ΓNj � MN2 −MN1 . However, it is useful introduce the parameter η(y) where

y ≡ ∆MN
ΓN

, which parametrizes any deviation of RCPV when ΓNj 6� |∆MN | :

η(y) =
=
[
Γ̃τ(DD∗)12

]
NWA

=
[
Γ̃τ(DD∗)12

]
NUM

,

ACP Breff(τ+) ≈ η(y)
y

L
γN
|B`N |2|BτN |2 sin θ12

3πK2
M

2G2
F M8

τ MN

× λ1/2

(
1,

M2
`

M2
N

,
M2

M
M2

N

)
× Z(Mτ , MN , MM, M`) .
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τ Decays: Effective Branching ratio

Figure: Effective branching ratios per unit of |B`N |2|BτN |2. Here we use the following
input parameters: cos θ12 = 1/

√
2, overlap factor δ12 = 0.5, detector length L = 1 mts,

neutrino speed β = 1 and Lorentz factor γN = 2. (J. Zamora-Saa. arXiv:1612.07656)

.
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τ Decays:

CP violation in τ decays: The CTF in Novosibirsk, Russia is expected to
collect 1010 pairs of τ± leptons after few years of operation, therefore under
the latter considerations we can estimate the mixing region that can be
explored in such experiment.

Figure: The green region shows the limits over the mixings parameter which could be
reached in the future τ± factory. Right side: Limits for |BeN |2|BτN |2. Left side: Limits for
|BµN |2|BτN |2. Here we use the following input parameters: η(y)/y = 0.5, Nτ = 1010,
cos θ12 = 1/

√
2, L = 1 mts, β = 1 and γN = 2. (J. Zamora-Saa. arXiv:1612.07656)
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RMD 3PQDν:

”Inverse see-saw” and rare meson
decays
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RMD 3PQDν:

Let’s consider a general ”inverse see-saw”:

Lmass =
1
2
(
ν̄c

L ν̄R S̄
) 0 mD 0

mT
D 0 Mχ

0 MT
χ µ

νL
νc

R
Sc


• Masses: mlight ∼ µ

m2
D

M2 (µ� mD � Mχ).
• mheavy ∼ M (M ∼ GeV, TeV).
• |B`N | ∼ mD

M not so small (maybe observable).
• In order to reproduce the RCPV conditions, ”there are arguments”!!!, one

of them based on naturalness, which produces a heavy neutrino mass
spectrum with three pairs of quasi-degenerate neutrinos.

Let’s consider the semi-hadronic meson decay:

M+

W+

N

ℓ+1 ℓ+2

W−

M
′−

Figure: The s-channel of the lepton number violating decay M+ → `+1 `+2 M
′−.
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RMD 3PQDν:

(mM
′ +mℓ2) (mM −mℓ1)

mN

η η

∆m12 ∆m34 ∆m56

Figure: Schematic representation of the pairs distribution in on-shell mass range.

ΓRMD =
1
2!
(2− δ`1`2 )

1
2MM(2π)6

∫
d3|MM |2 = 2(2− δ`1`2 )

[
6

∑
i=1
|B`1 Ni |2|B`2 Ni |2Γ̃(ii)

M

+ ∑
j,k>j

2|B`1 Nj ||B`1 Nk
||B`2 Nj ||B`2 Nk

|Γ̃(jj)
M cos θjkδjk + 2|B`1 N1 ||B`1 N2 ||B`2 N1 ||B`2 N2 |Γ̃

(11)
M cos θ12δ12

+ 2|B`1 N3 ||B`1 N4 ||B`2 N3 ||B`2 N4 |Γ̃
(33)
M cos θ34δ34 + 2|B`1 N5 ||B`1 N6 ||B`2 N5 ||B`2 N6 |Γ̃

(55)
M cos θ56δ56

]
,

Γ̃(jj)
M =

K2
Mm5

M
128π2

mNj

ΓNj

λ1/2(1, xj, x`1 )× λ1/2

(
1,

x′

xj
,

x`2

xj

)
×Q(xj; x`1 , x`2 , x′).
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RMD 3PQDν:

Breff(M) = PNj Br(M) = PNj

ΓRMD

Γ(M± → all)
.

Figure: Effective Branching ratio divided by |B`N |4, as function of sterile neutrino mass,
for L = 1m, γN = 2 and η = 0.1mN . We regard the cases with CP violation (δij = 0.5)
and cos θjk = 1√

2
. (G. Moreno, J. Zamora-Saa. Phys.Rev. D94 (2016) no.9, 093005 ).
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THANK YOU
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π decays

dΓ̃(LNV)(π± → e±e±µ∓ν)

dEµ

=
K2

π

2(2π)4
1

ΓN M3
π

λ1/2(M2
π , M2

N , M2
e )×

[
M2

π M2
N −M4

N + M2
e (M2

π + 2M2
N −M2

e )
]

×Eµ

√
E2

µ −M2
µ

(M2
N − 2MN Eµ + M2

µ −M2
e )

2

(M2
N − 2MN Eµ + M2

µ)

(
Mµ ≤ Eµ ≤

(M2
N + M2

µ −M2
e )

2Me

)
.

dBr(LNC)
π

dEµ
≡ 2
K̃
Γπ

dΓ̃(LNC)(π± → e±e±µ∓ν)

dEµ

=
1

M6
N M2

µ(M2
π −M2

µ)2(1 + δgπ )
λ1/2(M2

π , M2
N , M2

e )
1[

M2
µ + MN (−2Eµ + MN )

]3

×
{

8
√
(E2

µ −M2
µ)MN

[
(2Eµ −MN )MN −M2

µ + M2
e

]2

×
[

M2
π M2

N −M4
N + M2

e (M2
π + 2M2

N )−M4
e

]
×
[
8E3

µ M2
N − 2M2

µ MN (M2
µ + M2

N + 2M2
e )− 2E2

µ MN

(
5(M2

µ + M2
N ) + M2

e

)
+Eµ

(
3M4

µ + 10M2
µ M2

N + 3M4
N + 3M2

e (M2
µ + M2

N )
) ]} (

Mµ ≤ Eµ ≤ (Eµ)max
)
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Acceptance Factor PN

The number of decays per unit time

− dN
dt

= λN

where λ = ΓN is the decay constant

N(t) = N0e−λt = N0e
−t
τ

where N(t) is the number of particle ”surviving” after time t. If
(
−t
τ � 1

)
⇒

e
−t
τ ≈ 1−

( −t
τLAB

)
= 1−

( LΓN
βN γN

)
here t ≈ L/βN ; τLAB = γNτN , and the non survible probability is:

PN = 1− e
−t
τ ≈

( LΓN
βN γN

)
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τ Decays

The narrow with approximation

ΓNj MNj

(x−M2
Nj
)2 + Γ2

Nj
M2

Nj

= πδ(x−M2
Nj
)

The product of propagators P1(X)P2(X)∗ (where X = D, C) can be
expressed as the sum of the real and imaginary parts

P1(X)P2(X)∗ = MN1 MN2

(P2
N(X)−M2

N1
)(P2

N(X)−M2
N2
) + ΓN1 ΓN2 MN1 MN2(

(P2
N(X)−M2

N1
)2 + Γ2

N1
M2

N1

)(
(P2

N(X)−M2
N2
)2 + Γ2

N2
M2

N2

)
︸ ︷︷ ︸

Rear part

− i MN1 MN2

(P2
N(X)−M2

N2
)MN1 ΓN1 − (P2

N(X)−M2
N1
)MN2 ΓN2(

(P2
N(X)−M2

N1
)2 + Γ2

N1
M2

N1

)(
(P2

N(X)−M2
N2
)2 + Γ2

N2
M2

N2

)
︸ ︷︷ ︸

Imaginary part
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3PQDν

Lmass = mDνLνR + Mνc
RS + [µ term] + Hc

= m`νc
`ν` + m1Nc

1 N1 + m2Nc
2 N2

= m`νc
`ν` + m1(Nc

1 N1 + Nc
2 N2) + ∆Nc

2 N2
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