


Estructura de la charla

Si existen neutrinos pesados BSM, ¿qué podemos aprender de ellos?

1. SEÑALES DE SABOR

¿Qué hace observable
la violación de sabor

en leptones cargados?

2. SEÑALES OCULTAS

¿Mezclas apreciables
implican una señal

de sabor observable?

3. MAJORANA

¿Qué observables
pueden revelar
su naturaleza?
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Introducción

• Modelo Estándar mínimo, renormalizable y sin νR: no se generan masas de neu-
trinos.

• La simetría de norma impide términos de masa de Majorana renormalizables para los
neutrinos izquierdos con esos campos.

• Oscilaciones: dos diferencias independientes de
masas al cuadrado.
Super-Kamiokande, PRL 81, 1562 (1998); SNO, PRL 89, 011301 (2002).

∆m2
21 ≃ 7.5 × 10−5 eV2, |∆m2

atm| ≃ 2.5 × 10−3 eV2.
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¿Qué sabemos hasta ahora?

• Al menos dos autoestados ligeros tienen masa.

• Las oscilaciones no fijan la masa absoluta, la naturaleza Dirac/Majorana ni el meca-
nismo de masa.
• La evidencia exige masas y mezcla; su origen sigue abierto. ¿Por qué la masa de los
neutrinos es tan pequeñita?
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Una posible explicación: modelos seesaw tipo I

Minkowski (1977); Gell-Mann, Ramond y Slansky (1979); Yanagida (1979); Mohapatra y Senjanović (1980).

• Añadimos fermiones NR ∼ (1,1, 0) bajo SU(3)c × SU(2)L × U(1)Y .

−Lν = LYνH̃ NR + 1
2N

c
R MRNR + h.c.

H̃ = iσ2H
∗, mD = Yνv/

√
2, v ≃ 246 GeV.

Matriz de masas

Mν =
(

0 mD

mT
D MR

)
Base nR = (νc

L, NR)T .

Límite seesaw: ∥mDM
−1
R ∥ ≪ 1

mν ≃ −mDM
−1
R mT

D

Una generación: mligero ≃ |mD|2/MR.

A mD fijo, una escala MR grande produce masas ligeras pequeñas.
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La mezcla conecta el sabor neutro y el cargado

Sabor cargado:
µ− → e−γ

νi

µ− e−

γ

W−

LCC = − g√
2
W−

µ

∑
α,i ℓαγ

µPLUαiνi + h.c.

α = e, µ, τ , i = 1, 2, 3; aquí U es la matriz PMNS unitaria del límite de tres
neutrinos ligeros.

Cambio de sabor ̸= violación del número leptónico: estas transiciones tienen ∆L = 0.

Maki, Nakagawa y Sakata, PTP 28, 870 (1962); PDG, Neutrino mixing (2025).
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Con sólo neutrinos ligeros, la cLFV es inobservable

• Tres neutrinos ligeros, mi ≪ MW y U unitaria:

BR(µ → eγ) ≃ 3αem

32π

∣∣∣∣∣
3∑

i=1
UeiU

∗
µi

∆m2
i1

M2
W

∣∣∣∣∣
2

≲ 10−54.

∆m2
i1 = m2

i − m2
1; αem: constante de estructura fina.

• Supresión GIM:
∑

i UeiU
∗
µi = 0 cancela el término independiente de mi.

Seesaw tipo I convencional: las mezclas también son diminutas.

Θ ≃ mDM
−1
R , |Θ|2 ∼ mν

MN
≪ 1.

Estimación de una generación, sin cancelaciones o estructuras protectoras.

mν ∼ 0.05 eV, MN ∼ 1 TeV =⇒ |Θ|2 ∼ 5 × 10−14.

Calibbi y Signorelli (2018); Hernández-Tomé et al., PRD 101, 075020 (2020).
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1. ¿Qué hace observable la cLFV en modelos con neutrinos
pesados?
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Seesaw convencional
mν ∼ Θ2MN

Masas pequeñas ⇒ mezclas diminutas.

Masas protegidas por simetría
mν ∼ εL Θ2MN

εL ≪ 1 permite mezclas mayores.

Relaciones esquemáticas de escalas; εL parametriza una pequeña ruptura del número leptónico.

• Mezclas apreciables compatibles con masas ligeras pequeñas.

• Estructura de sabor que conecte leptones distintos, sin cancelaciones que oculten la señal.

• Tasas accesibles dentro de los límites experimentales y del régimen perturbativo.

La cLFV tiene ∆L = 0: proteger el número leptónico no obliga a suprimir el cambio de sabor.

Kersten y Smirnov, Phys. Rev. D 76, 073005 (2007).
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Un modelo de juguete con dos neutrinos pesados

Hernández-Tomé et al., PRD 101, 075020 (2020); PRD 102, 113006 (2020).

Tres activos + dos singletes

Mtoy =

03×3 03×1 d
01×3 0 M
dT M µ


d = (de, dµ, dτ )T , dα = Yναv/

√
2.

Cinco parámetros físicos
mN1 , mN2 , sνe

, sνµ
, sντ

sνα
= dα√

mN1mN2

, r =
m2

N2

m2
N1

.

• µ = mN2 −mN1 = 0 (r = 1): los estados pesados forman un fermión de Dirac.

• Tres neutrinos ligeros sin masa a nivel árbol: la textura requiere ampliarse para describir las
oscilaciones.

Objetivo: aislar y estimar la cLFV inducida por masas y mezclas del sector pesado.

Una separación pesada grande requiere ajuste de las correcciones radiativas a las masas ligeras.

GHT • UAEH–ICBI 9 / 31

https://doi.org/10.1103/PhysRevD.101.075020
https://doi.org/10.1103/PhysRevD.102.113006


cLFV: canales y restricciones complementarias

• Cálculo completo a un lazo:
ℓα → ℓβγ, ℓα → 3ℓ,

µ− e conversión, Z → ℓαℓβ .

Límite de Dirac, mN ≫ MW

BR(µ → eγ) ≃ 3αem

8π s2
νe
s2

νµ
.

• Otros canales incluyen penguins y cajas:
cambia su dependencia en masas y mezclas.

IV. NUMERICAL RESULTS

Next we analyze the predictions of our model for different
values of its free parameters: the three heavy-light mixings
sνe , sνμ and sντ , the mass mN1

of the lightest heavy neutrino
and the mass ratio r ¼ m2

N2
=m2

N1
. If r ¼ 1 the two heavy

Majorana neutrinos become a single Dirac field.
In order to be consistent with perturbative unitarity, the

Yukawa couplings cannot exceed an upper limit. We will
take

Yνi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mN1

mN2

p
v

sνi ¼
ffiffiffi
2

p

v
mN1

r1=4sνi <
ffiffiffiffiffiffi
4π

p
: ð58Þ

This means that, given mN1
and r,

sνi <

ffiffiffiffiffiffi
2π

p
v

mN1
r1=4

; ð59Þ

that constrains the mixings if mN1
r1=4 ≳ 620 GeV. In

particular, sνi < 0.12 for mN1
r1=4 ¼ 5 TeV. Given the

mixings sνi this condition also implies

mN1
r1=4 <

ffiffiffiffiffiffi
2π

p
v

maxfsνig
: ð60Þ

On the other hand, the heavy-light mixings must respect
indirect constraints. We take 2σ limits from the global fit
to electroweak precision observables and lepton flavor
conserving processes in [79], where the effects of extra
neutrinos are encoded in effective operators2:

sνe < 0.050; sνμ < 0.021; sντ < 0.075: ð61Þ

Then (60) implies that mN1
r1=4 < 8.2 TeV if all mixings

are fixed to the upper limits, but it could be larger
otherwise.

A. μ− e transitions

LFV processes involving only μ − e transitions further
constrain the masses and mixings of the heavy neutrinos in
our model. Let us first consider the case of one singlet Dirac
neutrino (mN1

¼ mN2
¼ mN). Figure 5 shows the contours

in the sνe − sνμ plane that saturate present experimental
bounds (solid lines) and the future sensitivities in Table I
(dashed lines) for mN ¼ 0.1, 5 TeV. In general the ampli-
tudes for Z → μ̄e, μ → eeē and μ − e conversion in nuclei
depend on all three heavy-light mixing angles through the
Z-penguin contribution, that involves the Cij matrix ele-
ments (17). Here we have assumed sντ ¼ 0, so the regions

below the curves in Fig. 5 enclose the most conservative
values for sνe and sνμ (i.e., a nonzero sντ would imply
stronger bounds). Actually, μ → eγ sets stringent constrains
only on the product sνesνμ ; for mN ≳ 1 TeV we find that
this process does not depend on the heavy neutrino masses
and that its branching fraction can be approximated by

BRðμ → eγÞ ≈ 3α

8π
s2νes

2
νμ ; ð62Þ

which yields the conservative direct limit:

s2νes
2
νμ < 5.1 × 10−10: ð63Þ

FIG. 5. Contour plots in the sνe − sνμ plane assuming degen-
erate heavy neutrino massesmN1

¼ mN2
¼ mN ¼ 0.1, 5 TeV that

saturate present limits (solid lines) and future sensitivities (dashed
lines) of several μ − e transitions. A conservative value sντ ¼ 0 is
assumed when needed. The black dot-dashed lines show current
indirect limits. The gray-shadowed region is beyond the pertur-
bative limit Y2

νi < 4π.

2In a recent work [80] a global fit to modified neutrino
couplings has been performed that alleviates the Cabibbo-angle
anomaly and is compatible with the bounds we use.

G. HERNÁNDEZ-TOMÉ et al. PHYS. REV. D 101, 075020 (2020)

075020-8

mN1 = mN2 = 5 TeV, sντ = 0 (2020).
Continuas: límites; trazos: sensibilidades.

Los canales prueban combinaciones diferentes de masas y mezclas.

Hernández-Tomé, Illana, Masip, López Castro y Roig, PRD 101, 075020 (2020), Fig. 5 y ec. (62).
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Decaimientos del Higgs: las cancelaciones importan

• Estudiamos H0 → ℓiℓj y la corrección
∆ρ.

• Las contribuciones dominantes pueden
cancelarse.

• A masas mayores aparece una supresión
adicional por mezclas.

Resultado del análisis de 2020
BR(H0 → τe) < 1.4 × 10−8.

Suma de ambas cargas; supuestos y restricciones del
trabajo.

Using this estimate, we can deduce the maximum
branching ratio in Higgs decays by comparing with
BðH0 → b̄bÞ ≃ 0.6. For the decay H0 → τe, we expect

BðH0 → τeÞ ¼ BðH0 → b̄bÞ 2ΓðH
0 → τ̄eÞ

ΓðH0 → b̄bÞ

≈ BðH0 → b̄bÞ 2
3

�
y3y1yτ
yb16π2

�
2

: ð15Þ

Taking yi <
ffiffiffiffiffiffi
4π

p
, this gives BðH0 → τeÞ < 4 × 10−4, a

value that could be accessible once the LHC reaches its
highest luminosity. However, a precise calculation will
show that this is not the case.
First of all, although their sum is finite, the diagramsGχχ

and Gχ are both divergent. In addition, there is a value of
the heavy neutrino mass that exactly cancels the sum of
both contributions. For mN1

¼ mN2
, this is

m̃N ≈ 0.57
MHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2νe þ s2νμ þ s2ντ

q : ð16Þ

Finally, at masses of the heavy neutrinos above m̃N , there
are decoupling effects, like the extra factor of s2ντ in Δρ
found in the previous section.
Let us be more definite. We write the decay amplitude,

MðH0 → τ̄eÞ ¼ ūðp2Þ
fτe

v
½mτPR þmePL�vðp1Þ; ð17Þ

and will give the results in terms of mN1
and the ratio,

r≡m2
N2

m2
N1

≥ 1: ð18Þ

Constraints from flavor-diagonal processes [32–35],
together with

Bðμ → eγÞ ≈ 3α

8π
s2νμs

2
νe < 4.2 × 10−13; ð19Þ

imply [26]

FIG. 1. Diagrams contributing toH0 → l̄l0 in the Feynman-’t Hooft gauge forml0 ¼ 0. DiagramWχ is proportional tom3
l and will be

neglected.

FIG. 2. Contribution to jfτej from the dominant diagrams
Gχχ þGχ for fixed (maximal) mixings and different heavy
neutrino masses (notice that Yukawa couplings grow with the
mass). UV divergences cancel in Gχχ þ Gχ. The blue line
(r ¼ 1) shows the heavy Dirac case, whereas the red line
(r ¼ 100) corresponds to two Majoranas with mN2

¼ 10mN1
.

We have included the estimate of jfτej in Eq. (15) for r ¼ 1 (gray
dots) as well as the contribution from a massive neutrino with an
active left-handed component (red dashes).

HERNÁNDEZ-TOMÉ, ILLANA, and MASIP PHYS. REV. D 102, 113006 (2020)

113006-4

Contribución dominante a |fτe|, a mezclas fijas.
r = m2

N2
/m2

N1
; r = 1: límite de Dirac.

Mezclas grandes no garantizan una señal grande en cada canal.

Hernández-Tomé, Illana y Masip, PRD 102, 113006 (2020), Fig. 2 y ec. (21).
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Colisiones µ+µ+: ¿una señal de Majorana?

Un futuro modo de haces del mismo signo ampliaría las búsquedas de cLFV.
µ+µ+ −→ ℓ+ℓ+, ℓ = e, τ, ∆L = 0.

flavors, they are expressed as follows

s2νk ¼
mkffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimN1
mN2

p : ð2:7Þ

Something appealing about this scenario is that all the
phenomenology of the leptonic mixing is described in
terms of only five independent parameters, namely, a heavy
mass mN1

, the ratio r and the three heavy-light mixings sνk .
It is important to mention that this is a simplified model

unable to explain the masses and mixings of the light active
neutrinos; however, it suffices to describe the main moti-
vation of this work, namely, the study of cLFVeffects in the
presence of new heavy neutrino states with masses around
OðTeVÞ. The generation of small masses and light-light
mixings for the three active neutrinos would require the
addition of extra singlets.4 This could be accommodated
with the usual mechanisms (in νSM or type-I seesaw
models, where cLFV effects are strongly suppressed) or
by considering specific textures for the neutrino mass
matrix based on approximated symmetries as required in
the low-scale-seesaw scenarios. Nevertheless, the extra
spinors and couplings needed to generate light-neutrino
masses will have no further effects on cLFV observables;
see Refs. [75,76] for details.
We remark that this parametrization allows us to

describe, in a simple way, the effects of two heavy
Majorana states and study the limit of almost degenerate
masses (r → 1) forming a pseudo-Dirac field. We address
this point in detail in Sec. IV by providing an estimation of
the maximal total cross section (consistent with the current

limits on the heavy-light mixings and a perturbative
condition for the Yukawa couplings).

III. COMPUTATION

In the presence of heavy Majorana neutrino states, Fig. 1
shows the two one-loop box diagrams contributing to the
processes μþðp1Þμþðp2Þ → lþðq1Þlþðq2Þ (l ¼ e, τ). The
diagrams (b) are present for an arbitrary vectorlike lepton
that mixes with the active neutrinos of the SM. Moreover,
in type-I seesaw models, the existence of Majorana masses
for the singlet fields for neutrinos inherently implies LNV.
These LNVeffects give rise to the presence of box diagrams
(a). Thus, we remark that a complete computation for these
processes in type-I seesaw models (including their low-
scale variants) must include both (a) and (b) contributions.5

As far as we know, previous works [72,73] have solely
focused on evaluating the genuine LNV effects [diagrams
(a)] considering effective couplings without discussing the
reasons for omitting diagrams (b) or comparing (a) and
(b) contributions. In this work, we cover those points. Even
more, as previously mentioned, in the type-I seesaw models
only their low-scale versions (both linear and inverse)
can potentially lead to observable cLFV rates. These
scenarios are based on an approximated LNV symmetry,
where the small LNV Majorana mass terms combined with
larger Dirac masses lead to the formation of pseudo-Dirac
neutrinos, namely, a pair of almost degenerate heavy
neutral states that, in the degenerate limit, form a Dirac
singlet. We will study this limit considering the setup
presented in Refs. [75,76].
By working in the approximation where the masses of

the external charged leptons are neglected6 and after some

(a) (b)

FIG. 1. Feynman diagrams for the μþðp1Þμþðp2Þ → lþðq1Þlþðq2Þ ðl ¼ e; τÞ transitions in the presence of heavy Majorana
neutrinos. Working in the Feynman-’t Hooft gauge must include the four possible diagrams for the (a) and (b) contributions involving
the W’s gauge bosons and the scalar-charged Goldstone vertices; see Appendix A.

4In the original formulations of both the inverse and linear low-
scale scenarios [14-16], the neutrino mass matrix has dimension
9 × 9, as these scenarios require the addition of six new neutral
singlets. This complexity makes it impractical to derive complete
analytical expressions for the unitary matrix U that diagonalizes
the neutrino mass matrix and for the physical masses of the
neutrinos, leading to approximate or numerical analyses that may
turn out to be complicated to follow.

5Note that in the minimal νSMmodel, only contributions (b) are
present, because in this model neutrinos are Dirac particles that
generate their masses [mν ∼OðeVÞ] in an analogousway to the rest
of fermions, via Yukawa couplings with the Higgs field. However,
in this scenario, the cLFVeffects will be strongly suppressed by an
analogue Glashow-Iliopoulos-Maiani-like mechanism.

6Given that, we will consider the collision energy in the regime
of a few TeV, i.e., ml=

ffiffiffi
s

p
≪ 1.

AUTHENTIC MAJORANA VERSUS SINGLET DIRAC NEUTRINO … PHYS. REV. D 110, 053006 (2024)

053006-3

(a) Requiere Majorana. (b) También existe para un singlete de Dirac.

M = M(a) + M(b), r → 1 : M(a) → 0, M(b) ̸= 0.

La señal no demuestra por sí sola naturaleza Majorana.

Gutiérrez Santiago, Portillo-Sánchez, Hernández-Tomé y Rendón, PRD 110, 053006 (2024), Fig. 1.
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Colisiones µ+µ+: tasas y luminosidad

• En este estudio, τ+τ+ es más prometedor
que e+e+: la mezcla electrónica está más res-
tringida.

A
√
s ≃ 6 TeV:

σττ ∼ 10−2 fb.
Nprod = σLint

Escenario optimista del artículo
√
s = 10 TeV, Lint = 10 ab−1

=⇒ Nprod ∼ 300.

relatively large compared to those in conventional high-
scale seesaw models. This is because the seesaw mecha-
nism requires a balance between the scale of the new
physics (the mass of the heavy neutrinos) and the Yukawa
couplings to achieve the observed light-neutrino masses.
Moreover, in these low-scale scenarios, the physics respon-
sible for neutrino masses could lie at the TeV scale,
allowing significant mixing between the light neutrinos
and the new heavy neutrinos, potentially leading to
observable cLFV rates.
Because the contribution of the light-neutrino sector to

cLFV is negligible, the relevant point to estimate cLFV
effects in low-scale-seesaw scenarios is to study the case of
having large Yukawa couplings for the singlets. The
simplicity of the setup proposed in Refs. [75,76] lets us
understand this limit in a very simple way since all the
phenomenology is described in terms of only five param-
eters, namely, the three mixing angles sνk and the two mN1

,
and mN2

heavy neutrino masses (for which simple ana-
lytical expressions have been derived).

V. CONCLUSIONS

Some experimental collaborations expect to substantially
improve the current limits on an extensive list of cLFV
processes, including leptonic, hadron, and heavy boson
decays [25–29]. These searches will either provide thrilling
indications of new physics or impose even more stringent
limits on extensions to the Standard Model.
In this work, motivated by the potential of future muon

colliders, we investigate and revisit the computation of the
μþμþ → lþlþ ðl ¼ τ; eÞ processes in type-I seesaw mod-
els, as part of complementary cLFV searches. We calculate
the complete cross section for these processes focusing on

the so-called low-scale scenarios. Our analysis is based on a
setup involving only two new heavy Majorana neutrinos
that allow us to study the limit of pseudo-Dirac states, while
taking into account the current constraints on their mixings
with the light sector.
Our results show that the observation of the μþμþ →

τþτþ cLFV transition due to the presence of new heavy
Majorana neutrinos (with masses around mN1

≈ 20 TeV)
could be possible in a future same-sign muon collider, for
an energy of collision

ffiffiffi
s

p ≳ 10 TeV and an integrated
luminosity of order Oðab−1Þ.
The analysis presented in Figs. 2 and 3 illustrates the

relevance and behavior of contributions (a) and (b) to
estimate the cross section accurately in low-scale-seesaw
models. It turns out clearly that for the contribution of
pseudo-Dirac neutrinos, namely, in the limit (r → 1),
contributions (b) dominate over contributions (a), because
the latter tend to zero since lepton number is recovered as a
symmetry. Nevertheless, notice that the maximum value for
r is determined for the perturbative equation (4.2). Then, as
depicted in the plots, depending on the value fixed for mN1

you may have allowed values for r where the contributions
(a) become the dominant. This distinction is crucial in
distinguishing between the scenario with two nondegen-
erate heavy Majorana states and the degenerate case where
they form a Dirac singlet field.
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(a) (b)

FIG. 3. Left (right): cross section of the μþμþ → τþτþ transition as a function of
ffiffiffi
s

p
(mN1

). The contributions of diagrams (a) and (b)
are represented by the cyan and orange lines, respectively. The black lines stand for the total contribution. In the left plot, we have
considered mN1

¼ 20 TeV and rmax ¼ 4.64 consistent with Eq. (4.2). The shadowed area here represents the cross section considering
the heavy-light mixings below the current limits in expression (4.1) and r < rmax.

JORGE LUIS GUTIÉRREZ SANTIAGO et al. PHYS. REV. D 110, 053006 (2024)

053006-6

mN1 = 20 TeV, r = 4.64.
Mezclas de referencia del análisis de 2024.

Una tasa pequeña exige una luminosidad integrada muy alta.

Escenario prospectivo µ+µ+; eventos producidos, sin selección, eficiencias ni análisis de fondos.
Gutiérrez Santiago et al., PRD 110, 053006 (2024), Fig. 3(a) y Sec. IV.
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Del modelo de juguete a los modelos inverse y linear seesaw
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• Siguiente paso: describir masas y oscilaciones y estudiar sus señales complementarias.

No unitariedad del bloque ligero
Nligero ≃ (1 − η)U

η ≃ 1
2ΘΘ†

U unitaria; expansión en mezcla activo-pesada.

cLFV: ejemplo del canal radiativo

Dγ
αβ ∝

∑
I

ΘαIΘ∗
βIGγ

(
M2

I

M2
W

)
α ̸= β; I: estados pesados; Gγ : función de lazo con

Gγ(0) = 0.

• Una estructura de sabor puede permitir no unitariedad diagonal y suprimir la cLFV.

Low-scale seesaw ̸⇒ cLFV observable.

Fernández-Martínez, Hernández-García y López-Pavón, JHEP 08 (2016) 033: formalismo de no unitariedad.
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2. ¿Es inevitable la cLFV cuando las mezclas son apreciables?
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Inverse y linear seesaw: masas pequeñas, nueve estados

Tres activos + seis singletes

Mν =

 0 MD ML

MT
D 0 M

MT
L MT µ


9×9

Cada bloque es 3 × 3.

F ≡ MD(MT )−1.

Inverse seesaw (ISS): ML = 0
mISS

ν ≃ F µFT .

Linear seesaw (LSS): µ = 0
mLSS

ν ≃ −
(
FMT

L +MLF
T
)
.

El signo global del caso LSS es convencional.

• Ajustar ∆m2, ángulos de mezcla y fase CP del sector ligero.

• Tres pares pesados aproximadamente de Dirac en el límite de pequeña ruptura de L.

La pequeña ruptura de L controla mν ; la estructura de sabor decide la cLFV.

Garnica, Peinado y Hernández-Tomé, PRD 108, 035033 (2023); Celestino-Ramírez et al., EPJC 85, 405 (2025).
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Diagonalizar 9 × 9: precisión y control de aproximaciones

UT MνU = m̂, m̂i ≥ 0, U†U = I9.

Diagonalización completa

• Takagi con precisión suficiente.

• Reconstruir masas, mezclas y amplitudes;
verificar su estabilidad.

Diagonalización por bloques

• Expandir en mezcla activo-pesada.

• Identificar el orden dominante y contrastarlo
con el cálculo completo.

K = (N R)3×9, I3 −NN†︸ ︷︷ ︸
∆NU

= RR†, η ≃ 1
2 ∆NU.

Verificar masas, mezcla y estabilidad después de diagonalizar.

Garnica et al., PRD 108, 035033 (2023); Celestino-Ramírez et al., EPJC 85, 405 (2025).
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Inverse seesaw: ¿dónde alojamos la estructura de sabor?

mν = U∗
PMNS m̂ν U

†
PMNS.

A (2023): sabor en MD

• M y µ diagonales; MD general.

• Construcción tipo Casas–Ibarra.

• cLFV y ηαβ correlacionadas.
|ηeµ| ≲ 10−5

Resultado del barrido de 2023 para vM ∼ 1 TeV.

B (2023): sabor en µ

• MD y M diagonales reales.

• La matriz µ reproduce mν :
µ = F−1mνF

−T .

• F diagonal ⇒ η ≃ F 2/2 diagonal, aunque
UPMNS mezcle sabores.

La mezcla de los neutrinos ligeros no fija por sí sola la cLFV del sector pesado.

Garnica, Peinado y Hernández-Tomé, PRD 108, 035033 (2023), Sec. IV.

GHT • UAEH–ICBI 19 / 31

https://doi.org/10.1103/PhysRevD.108.035033


Un escenario low-scale sin cLFV observable

Escenario B: MD y M diagonales

• Al orden dominante, la contribución pesa-
da a cLFV se anula.

• El cálculo completo deja residuos: mucho
menores que la sensibilidad experimental.

• Realización de sabor:

U(1)B−L × Z5.

(ii) The Yukawa entries Yii (i ¼ 1, 2, 3.) in matrix MD
run into the range ½−0.5; 0.5�.

Something distinctive about this parametrization is that
the branching ratio for μ → eγ using the leading order
BMDM is the same as in the SM. Due to the diagonal
structure of the η matrix parametrizing the nonunitary
effects in Eq. (2.22) only the light neutrino states contribute
to the cLFV processes.7 Indeed, this result is more general,
and it will also happen provided that

MD ¼ λMT; ð4:9Þ

with λ ¼ diagða; b; cÞ a constant diagonal matrix. On the
other hand, we can choose the matrix λ to have some off-
diagonal nonzero elements to allow specific cLFV processes,
see for instance [22,23] for a particular example where
processes between the two first families (μ − e) are strongly
suppressed, but the (τ − μ) and (τ − e) channels can be
maximized within this inverse seesaw parametrization. In
Fig. 3, we show the estimation for μ → eγ using both the
BMDM and our complete numerical result. We can see here
that using the BMDM, the estimation is of the order ∼10−54

corresponding to the contributions of the light neutrino
sector (solid black line). Note, however, that this estimation
comes from the assumption of considering the limit when
μ → 0 in the derivation at the leading order of thematrix ηISS.
Contrary, the gray and orange points represent the complete
numerical estimation for the points where the elements
of the matrix μ satisfy the condition μij < 1 MeV and
μij < 10 MeV, respectively. This plot shows that the results
of the exact numerical estimation for the rate of the μ → eγ
canbe someorders ofmagnitudehigher for somepoints in our
scan compared with the simple estimation given by the
BMDM. In any case, this plot corroborates the fact that, in
this parametrization, the contributions of the heavy neutrinos
to the branching ratio of the μ → eγ decay remain very far
from the current and future experimental searches.

V. INVERSE SEESAW BASED ON A GAUGED
Uð1ÞB−L × Z5 SYMMETRY

A flavor symmetry can lead to a diagonal Yukawa
Lagrangian by appropriately choosing the field represen-
tations. For example, in the case of three flavors, the
smallest symmetry is Z3, using three different charges, one
for each flavor. For the Z3 case, it is sufficient to include a
flavon field that transforms nontrivially under the sym-
metry to generate all entries in the matrix. Therefore, it is
possible to fit all light neutrino masses and mixings.
Let us now consider a generic ZN and fix N̂ according to

the case of interest. Using a gauged Uð1ÞB−L symmetry, we
will use three RH neutrinos N̂R with charge −1 and three
extra sterile fermions Ŝ with charge 0, so that they will not
contribute to the anomalies.
Regarding ZN , the fermion fields L̂i, N̂i and Ŝi, will

transform as ωi, with i ¼ 1, 2, 3. To spontaneously
break the Uð1ÞB−L and ZN symmetries, we need to include
two sets of scalar fields ϕ and ξ.8 We want to reproduce
neutrino masses and mixings but also want some correla-
tions between the observables. For this reason, we will use
Z5 as flavor symmetry. We show the corresponding
Uð1ÞB−L × ZN charges for the fields in Table III. In this
way, the full Yukawa Lagrangian is

FIG. 3. Branching ratio for the μ → eγ decay in the inverse
seesaw model (scenario B) as a function of the scale vM. We
explained the details of our scan in the main text. The black line
represents the estimation at leading order in the BMDM, while
the orange (gray) points correspond to our complete numerical
result assuming the condition μij < 1 (10) MeV. Namely, using
the BMDM approximation for this scenario, only light neutrinos
contribute to cLFV processes (black line) because the contribu-
tion of the new heavy states is exactly zero in this approximation.

TABLE III. Uð1ÞB−L × Z5 charges for the ISS fields and
auxiliary ϕ, ξ fields.

Uð1ÞB−L Z5

L̂i ¼
�
ν̂Li
l̂Li

�
−1 ωi

N̂Ri −1 ωi

Ŝi 0 ωi

ϕ −1 1
ξ 0 ω

7In this parametrization the η matrix is diagonal provided that
the product MDðMTÞ−1 is diagonal. 8The number of ξ fields will depend on the specific model.

CHARGED LEPTON-FLAVOR VIOLATING PROCESSES AND … PHYS. REV. D 108, 035033 (2023)

035033-7

Negro: aproximación dominante.
Puntos: diagonalización completa.

Oscilaciones compatibles + escala baja ̸⇒ cLFV observable.

Garnica, Peinado y Hernández-Tomé, PRD 108, 035033 (2023), Fig. 3 y Sec. V.
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Sin cLFV apreciable, la no unitariedad permanece

Caso A (2025): ISS y LSS

• MD,M diagonales; sabor en µ o ML.
ηαβ ≃ 0 (α ̸= β), ηαα ̸= 0.

• La desviación diagonal también es observa-
ble:

δµ ≡ 1 − αtri
22 ≃ ηµµ.

• Para vM ≳ 2 TeV, los puntos del barrido
de 2025 pasan el corte considerado.
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Table 3 Numerical inputs for the oscillation parameters used in our
analysis [12]

Parameters Normal hierarchy at 3

m2
21(eV 2) (6.94 − 8.14) × 10−5

m2
31(eV 2) (2.47 − 2.63) × 10−3

12/
◦ 31.4− 37.4

23/
◦ 41.2− 51.33

13/
◦ 8.13− 8.92

/◦ 128–359

On the other hand, regarding the linear seesaw model, the
matrix ML can be written in terms of the  and m matrices
as

ML =

⎛
⎜⎜⎝

1√
2


|−1|11m11


2|−1|22m12 · x1


2|−1|33m13 · x2

2|−1|11m12 · (1 − x1)
1√
2


|−1|22m22


2|−1|33m23 · x3

2|−1|11m13 · (1 − x2)


2|−1|22m23 · (1 − x3)
1√
2


|−1|33m33

⎞
⎟⎟⎠ , (7)

where the parameters x1, x2, and x3 are real free parameters.
Thus, the neutrino matrix in Eq. (A16) is described in terms
of the same 13 parameters (used in the inverse case) plus three
parameters that represent a percentage of the component of
the m matrix (x1, x2, x3) in Eq. (7). We randomly scan the
above parameters and fix the scale vSM = 246 GeV. On the
other hand, we take values for vM in the range [10−1 − 102]
TeV logarithmically distributed. Here, we list the random
parameters in our analysis:

• The neutrino oscillation parameters (mixing angle, squared
mass differences and CP-phase) are varied at 3 range
using the current oscillation neutrino data in the Table 3,
while the sum of the neutrino masses is kept below the
cosmological bound [12].

• The Mii of the M matrix are varied in the region [−
0.5,0.5].

• The Yii of the MD matrix are varied in the region [−
0.5,0.5].

• The parameters xi in the ML matrix are varied in the
region [0,1].

Then, we keep in our analysis the mass hierarchy between
the MD and M matrices. We can diagonalize the inverse’s
and linear seesaw’s full mass matrix to obtain the full mix-
ing matrix. The computation of the non-unitary matrix is an
important difference between the BMDM and the full diag-
onalization process. In the case of BMDM, we compute the
non-unitary matrix using the Eq. (A15). On the other hand,
we will extract the non-unitary matrix in the full diagonaliza-

tion process using the whole neutrino mixing matrix. From
Eq. (A21), we can obtain the non-unitary matrix as follows:

 = 1

2
(I3×3 − KL3×3 K †

L3×3
), (8)

where KL is the light submatrix of the whole neutrino mixing
matrix. We finally put conditions to fulfill the mass hierarchy.
Now, we can compute the non-unitary effects in the different
scenarios with all these elements.

5 Results

Now that we have explained our numerical procedure, we can

show and discuss our results, which are presented considering
two cases, A and B. Case A considers the  matrix diagonal
leading to strongly suppressed rates for all the three  − e,
 −e, and  − cLFV possible channels. In contrast, Case B

Fig. 1 The vM scale associated with the mass of NHL in low-scale see-
saw models vs the non-unitary effects considering the case A. The points
in our scan consistent with neutrino oscillation data using the BMDM
(full diagonalization method) are represented in blue color (red). The
red dashed line corresponds to the limit on the most restricted non-
unitary parameter α22. We have not encountered significant differences
between inverse and linear models for this plot

123

En la figura, |α22| denota δµ.
Corte de oscilaciones usado: 5 × 10−3.

Suprimir cLFV no elimina las pruebas de no unitariedad diagonal.

Celestino-Ramírez, Hernández-Tomé, Miranda y Peinado, EPJC 85, 405 (2025), Fig. 1.
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Texturas que seleccionan un solo canal de cLFV

Caso B (2025): análisis numérico en inverse seesaw

MD diagonal; una entrada no diagonal adicional en M ; µ reconstruida desde mν .

Mµe

vM
=

a x 0
0 b 0
0 0 c

 Mτe

vM
=

a 0 y
0 b 0
0 0 c

 Mτµ

vM
=

a 0 0
0 b z
0 0 c


µ → eγ τ → eγ τ → µγ

Tres elecciones independientes; se muestran los canales dominantes.

• Realizaciones de sabor propuestas:
U(1)B−L × Z5 (ISS), U(1)B−L × Z7 (LSS).

La textura puede seleccionar un par de sabores y suprimir los otros canales.

Celestino-Ramírez et al., EPJC 85, 405 (2025), Sec. 3 y ecs. (9)–(11).
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cLFV y no unitariedad: pruebas complementarias

µ → eγ: fuerte restricción de sabor  405 Page 6 of 10 Eur. Phys. J. C           (2025) 85:405 

Fig. 2 We show the parameter space of the Br(i →  j  ) in terms of
the non-unitary parameters and the vM for each case. The black dash
(solid) is the process’s future (current) limit. Meanwhile, the red dash

vertical line is the current constraint of the non-unitary parameters. The
red points represent the excluded parameter space using the α22 con-
straint

123

τ → µγ: información complementaria

  405 Page 6 of 10 Eur. Phys. J. C           (2025) 85:405 

Fig. 2 We show the parameter space of the Br(i →  j  ) in terms of
the non-unitary parameters and the vM for each case. The black dash
(solid) is the process’s future (current) limit. Meanwhile, the red dash

vertical line is the current constraint of the non-unitary parameters. The
red points represent the excluded parameter space using the α22 con-
straint

123

Horizontales: límites/proyecciones de cLFV (2025). Rojo: restricciones de no unitariedad.

Low-scale seesaw no implica cLFV observable.

Celestino-Ramírez et al., EPJC 85, 405 (2025), Fig. 2 y conclusiones.
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3. ¿Qué observables revelan la naturaleza de Majorana?
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La tercera pregunta: una señal de número leptónico

On the other hand, resonant production of Majorana
neutrinos are possible for a limited range of their masses
in such a way that they can be produced on their mass shell.
Contrary to production of virtual Majorana neutrino proc-
esses with rates of OðG4

FÞ, the rates for production of
resonant Majorana neutrinos becomes of OðG2

FÞ [12,18],
which allows to place better constraints of their parameter
space even with upper limits given by current experimental
sensitivities.
In the following we present the formalism to describe

these processes and introduce the integration method for
four-body decays, which extend the one followed in the
three-body case [12,18] and allows to properly account for
the different charged lepton’s flavor case. Given the clean
experimental signature, one may expect that very strong
limits can be set on the branching fractions of these decays,
similar to existing limits on other ΔL ¼ 2 meson decays.
Therefore, it would be interesting to explore if similar limits
on the parameter space of resonant Majorana neutrinos can
be obtained from the proposed four-body hyperon decays.

II. COMPUTATION

Adopting the convention for the neutrino states on
Ref. [12], let us consider a scenario where the leptonic
sector incorporates a number n of singlet right-handed
neutrinos, NRj

(j ¼ 1; 2;…n), in addition to the usual three
left-handed SUð2Þ lepton doublets LT

iL ¼ ðνi;liÞL. In such
scenario, after the proper mass matrix diagonalization, the
charged lepton current relevant for our computation can be
written as follows:

LW ¼ −
gffiffiffi
2

p Wþ
� X

l¼e;μ;τ

X3
i¼1

U�
liνiγμPLl

þ
X

l¼e;μ;τ

X3þn

j¼4

V�
ljN

c
jγμPLl

�
þ H:c:; ð2:1Þ

where PL ¼ ð1 − γ5Þ=2 is the left-handed chirality projec-
tor, Nc ¼ CN̄T is the charge conjugate spinor, and Ulj

(Vlj) describes the lepton mixing matrix elements for the
light (heavy) neutrino states.
Similar to previous works, we base our analysis on

considering the case of a simply minimal scenario with
only one heavy Majorana neutrino N, with the correspond-
ing mass mN and mixing with the charged lepton flavor
VlN (l ¼ e, μ, τ).2 The relevant diagram for the BAðpAÞ →
BBðpBÞl−

1 ðp1Þl−
2 ðp2ÞπþðpπÞ LNV hyperon decays is

depicted in Fig. 1(a), and its amplitude can be written as
follows:

M1 ¼
�
GVl1NVl2NfπmN

a1 þ iΓNmN

�
lμνðp1; p2ÞHμðpB; pAÞpν

π;

ð2:2Þ
where a1 ≡ ðpA − pB − p1Þ2 −m2

N , and pA − pB − p1 ¼
pπ þ p2 is the momentum carried out by the heavy neutrino
N, and we have defined G≡G2

FVusVud. The leptonic and
hadronic parts are given by

lμνðp1; p2Þ≡ ūðp1Þγμγνð1þ γ5Þvðp2Þ; ð2:3Þ

HμðpB; pAÞ≡ hBBðpBÞjJμjBAðpAÞi: ð2:4Þ

The hadronic current Jμ is parametrized in terms of six
form factors which are determined from the well-known
lepton number conserving hyperon decays BA → BBl−ν̄l
(l ¼ e, μ) [39–42]:

(a) (b)

FIG. 1. Feynman diagrams for the four-body ΔL ¼ 2 hyperon decays mediated by a resonant heavy Majorana neutrino N. We
consider the following channels: Σ− → nπþe−l− (l ¼ e, μ), Ξ− → Λπþe−e−, and Λ → pπþe−e−. Note that diagram (a) is the
dominant one when the neutrino is on shell because its contribution is enhanced due to a resonance effect, opposite to diagram (b) where
the neutrino cannot become a resonant state.

2This minimal scenario is not able to explain the current data
coming from neutrino oscillation experiments but represents a
simple approach to encode the effects of a larger number of heavy
states present in well-justified massive neutrino models. Recently,
the interference effects in extensions with at least two heavy
neutrino states for three-body meson LNV decays have been
reported in [35–38].

HERNÁNDEZ-TOMÉ, PORTILLO-SÁNCHEZ, and TOLEDO PHYS. REV. D 107, 055042 (2023)

055042-2

Un neutrino de Majorana puede conectar dos vértices
BA → BBℓ

−
1 N, N → ℓ−

2 π
+.

El estado final tiene dos leptones negativos: ∆L = 2.
Ventana resonante:

mℓ2 +mπ < mN < mA −mB −mℓ1 .

1
(q2

N −m2
N )2 +m2

N Γ2
N

ΓN ≪mN−−−−−−−→ π

mN ΓN
δ(q2

N −m2
N ).

Producir N on-shell realza la tasa integrada: aquí exploramos masas de MeV–GeV, accesibles
en decaimientos de bariones.

P6: G. Hernández-Tomé, D. Portillo-Sánchez y G. Toledo, PRD 107, 055042 (2023), Fig. 1(a).
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P6: hiperones como búsqueda complementaria de LNV

ΓN ¼ 10−15 MeV [consistent with the estimation of the
total neutrino width using the indirect limits reported in
Eq. (2.14)]. From this plot, we can observe that, in general,
the exclusion region will depend on which assumption we
considered, although in general, they are of the same order
for all the allowed mass of the resonant neutrino in the
different channels. In any case, the most restrictive limits
will come from the Σ− → nπþe−e− channel, followed by
Λ → pπþe−e−, and finally the much less restrictive Ξ− →
Λπþe−e− channel. Additionally, to the processes with a
pair of electrons in the final state, the Σ− → nπþeμ−
channel is the only possible kinematically allowed four-
body LNV hyperon decay. As we can see in Fig. 3, if the
search for this transition can achieve a rate of BRðΣ− →
nπþe−μ−Þ < 10−8, then the limits set on the plane
(mN; jVeNVμN j) are much less restrictive than the dielec-
tronic case because phase space restrictions are more
stringent. For the case with two different flavors, notice
that the limits are split into two disconnected regions. The
left (right) region on Fig. 3, is associated with the case
where the muon (electron) was created along with the
resonant neutrino state, and the electron (muon) comes
after the subsequent neutrino decay. Overlap of these
regions can be achieved in other scenarios, provided the
kinematical conditions allow them to do so. The formalism
developed here allows to address both cases regardless
of invoking the direct narrow width approximation or not
(see Appendix B).

It is important to mention that despite the assumed
sensitivity ð10−8Þ for the branching ratio of the four-body
BAðpAÞ → BBðpBÞl−

1 ðp1Þl−
2 ðp2ÞπþðpπÞ, hyperon chan-

nels studied here are around 3 orders smaller than three-
body LNV kaon decays Kþ → π−lþ

1 l
þ
2
6; the upper bounds

on the jVlN j2 mixings excluded by the present calculation in
the range of mass showed in Figs. 2 and 3 are significantly
less restrictive. This is owing to the phase space suppression
of the intermediate BA → BBl1N hyperon process in
comparison with the Kþ → l1N channel.
On the other hand, our results exhibit that upper bounds

on the jVlN j2 mixings from these kinds of decays are
comparable with the ones obtained from three-body ΔL ¼
2 decays of ðDþ; Dþ

s ; BþÞ mesons. Note that the current
advantage of the kaon system, triggered by its particular
features both theoretically and experimentally, results from
pioneering work that led to theoretical and experimental
control of their features.
To our knowledge, the hyperon decays are starting to be

explored for this kind of physics, then four-body hyperon
decays with ΔL ¼ 2 can be searched in BESIII as a clear
experimental signal with charged particles and eventually be
used to constrain othermodelswith lepton number violations.
On this matter, we envisage growing theoretical and exper-
imental efforts that may also lead to a competitive scenario.

IV. CONCLUSIONS

The search for ΔL ¼ 2 processes is crucial for unrav-
eling the Dirac or Majorana nature of neutrinos. Except

FIG. 2. Exclusion regions on the (mN; jVeN j2) plane by assum-
ing a BRðBA → BBπ

þe−e−Þ < 10−8 limit. The purple line stands
for the Σ− → πþne−e− channel, the blue one for the Ξ− →
Λπþe−e−, and the cyan color for the BRðΛ → pπþe−e−Þ decay
(see main text for further details). The solid (dashed) lines
correspond to estimates considering a parameter’s dependent
neutrino width ΓN (fixed). Notice that values where jVeN j > 1 do
not have a physical meaning. The shadow area just illustrates that
a sensibility of 10−8 for the branching ratio of the Ξ− → Λπþee
channel is insufficient to set bounds in that scenario.

FIG. 3. Same as Fig. 2 but for the exclusion regions on the
(mN; jVeNVμN j) plane by assuming the BRðΣ− → nπþe−μ−Þ <
10−8 limit in the search of lepton flavor violating hyperon decays.

6Current bounds for Kþ → π−eþeþ ≤ 5.3 × 10−11 and Kþ →
π−eþμþ ≤ 4.2 × 10−11 are reported by the NA62 experiment at
CERN in [48,49].
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Sensibilidad supuesta: BRsens = 10−8.

Un solo N de Majorana
Σ− → nπ+e−e−,

Ξ− → Λπ+e−e−, Λ → pπ+e−e−.

• El canal Σ− ofrece el mayor alcance de
estos tres.

• En la zona más favorable: |VeN |2 ∼
10−3, bajo los supuestos del estudio.

• Búsqueda complementaria; los límites
de kaones son más fuertes.

La resonancia abre una posibilidad de búsqueda; estas curvas no son límites experimentales
medidos.

P6, Fig. 2. Continua: anchura calculada con mezclas universales; discontinua: ΓN = 10−15 MeV.
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Bariones pesados y canales con tau

Más espacio de fases permite explorar nuevos canales

Violación de número leptónico

Λ0
b → p+π+µ−τ−

Mismo signo: ∆L = 2.

Conservación de número leptónico

Λ0
b → p+π−µ−τ+

Signos opuestos: ∆L = 0.

• Se estudian transiciones de Λb, Σb, Ξb y Ωb, con P = π,K y distintos pares leptónicos.

• Dos estados casi degenerados: N4, N5, con masas, mezclas y fases tratadas como parámetros
fenomenológicos.

Comparar LNV y LNC permite separar sabor y número leptónico. No se presupone aquí un
ajuste completo de ISS/LSS.

F. Fortuna, G. Toledo, G. Hernández-Tomé y D. Portillo-Sánchez, PRD 112, 015010 (2025).
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Dos estados de Majorana pueden ocultar LNV

y = m5 −m4

ΓN
, ψα = ϕα5 − ϕα4.

ψLNV = ψα + ψβ , ψLNC = ψα − ψβ .

Factor de interferencia de P7

R(y, ψ) = 2
[
1 + cosψ − y sinψ

1 + y2

]
.

• y ≲ 1: las fases pueden realzar o suprimir la señal.

• y ≫ 1: R → 2; se pierde la interferencia.

We have explored the modifications on the upper limits,
after extending to the scenario with two quasidegenerate
Majorana neutrinos. This is modulated by the recast

function defined in Eq. (11). In Fig. 4, we illustrate such
an effect in the heavy-light mixing couplings for the
Λ0
b → Λþ

c ðp−Þπ−τþμþ LNV processes, considering a set

FIG. 3. Exclusion region of the heavy-light mixing, as a function of the heavy neutrino mass, for the LNV four-body Λb decays.
Considering the effect of a finite detector length (Ldet ¼ 10 m) yields the dashed lines. The exclusion regions for LNV τ� → M�

AM
�
Bl

∓
and meson M�

A → M∓
B l

�
α l�

β decays, taken from Ref. [3], are also exhibited. Shaded regions correspond to the limits from direct
searches at colliders (obtained under different assumptions, see text for details) taken from [3,14].

FIG. 4. Impact on the upper limits for the heavy-light mixings for the Λ0
b → Λ−

c ðp−Þπ−τþμþ processes, after extending to the scenario
with two quasidegenerate Majorana neutrinos. For a set of values of y and ψμ þ ψτ. The black line (1N) corresponds to the case with
only one heavy neutrino state, as reference.
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015010-7

Límite de Dirac: m4 = m5 y Uα5 = iUα4 para todo α. Entonces LNV se cancela, aunque LNC
puede sobrevivir.

Ec. (11), Fig. 4. Límite cuasidegenerado: anchuras y módulos de mezclas iguales.
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La señal requiere que el neutrino decaiga en el detector

We have explored the modifications on the upper limits,
after extending to the scenario with two quasidegenerate
Majorana neutrinos. This is modulated by the recast

function defined in Eq. (11). In Fig. 4, we illustrate such
an effect in the heavy-light mixing couplings for the
Λ0
b → Λþ

c ðp−Þπ−τþμþ LNV processes, considering a set

FIG. 3. Exclusion region of the heavy-light mixing, as a function of the heavy neutrino mass, for the LNV four-body Λb decays.
Considering the effect of a finite detector length (Ldet ¼ 10 m) yields the dashed lines. The exclusion regions for LNV τ� → M�
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Bl
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and meson M�

A → M∓
B l

�
α l�

β decays, taken from Ref. [3], are also exhibited. Shaded regions correspond to the limits from direct
searches at colliders (obtained under different assumptions, see text for details) taken from [3,14].

FIG. 4. Impact on the upper limits for the heavy-light mixings for the Λ0
b → Λ−

c ðp−Þπ−τþμþ processes, after extending to the scenario
with two quasidegenerate Majorana neutrinos. For a set of values of y and ψμ þ ψτ. The black line (1N) corresponds to the case with
only one heavy neutrino state, as reference.
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Bariones: continua, PN = 1; discontinua, Ldet = 10 m.

Probabilidad de decaimiento visible

PN = 1 − exp
[
− Ldet

βNγNcτN

]
.

BRvis =
∫
PN dBR.

• Las mezclas pequeñas alargan la vida
media: N puede escapar.

• En: BRsens = 10−8, mezclas universales
y barión inicial en reposo.

Resonancia, interferencia y aceptación determinan la señal observable.

Fig. 3 (panel inferior derecho). Las regiones grises de búsquedas directas usan hipótesis de mezcla diferentes.
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Conclusiones: tres preguntas, un mensaje

1. ¿Qué hace observable la cLFV?
Masas ligeras protegidas, mezclas activo–pesadas apreciables y una estructura de sabor
adecuada.

2. ¿Es inevitable en un low-scale seesaw?
No. Las texturas pueden suprimir cLFV y mantener no unitariedad, sin perder la compatibilidad
con las oscilaciones.

3. ¿Cómo explorar la naturaleza de Majorana?
Con procesos ∆L = 2. La producción resonante puede realzarlos; las fases, el límite de Dirac y la
aceptación pueden ocultarlos.

Buscamos tanto las señales posibles como los mecanismos que las suprimen.

GHT • UAEH–ICBI 30 / 31



GHT • UAEH–ICBI 31 / 31



B1. ¿La simetría gauge prohíbe toda masa de neutrino?

• En el Modelo Estándar mínimo renormalizable, sin νR, no hay masa de Dirac ni de Majorana
para los neutrinos.

• Como teoría efectiva sí admite el operador de Weinberg:

L5 = −
C

(5)
αβ

2Λ (Lc
α H̃

∗)(H̃†Lβ) + h.c., mν = v2

2ΛC
(5).

• Es gauge-invariante, tiene dimensión cinco y viola L en dos unidades.

• El seesaw tipo I es una posible realización ultravioleta:

mν ≃ −v2

2 YνM
−1
R Y T

ν .

Las oscilaciones exigen masas y mezcla; no seleccionan una realización única del mecanismo de
masa.

Contexto de P1 y P4; expresión efectiva obtenida al integrar los singletes del seesaw tipo I.
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B2. ¿Por qué el modelo de juguete deja tres masas nulas?

Mtoy =
(

04×4 a
aT µ

)
, a = (de, dµ, dτ ,M)T .

• Con parámetros reales, µ ≥ 0 y a ̸= 0, tiene rango dos: tres masas nulas a nivel árbol.

D2 = M2 + d2
e + d2

µ + d2
τ , mN1,2 =

√
µ2 + 4D2 ∓ µ

2 .

mN1mN2 = D2, mN2 −mN1 = µ.

• Una deformación es necesaria para reproducir las oscilaciones; para separación grande, también
hay que controlar las correcciones radiativas.

El parámetro µ de esta textura está en la entrada (5, 5): no es el µ′ de la entrada (4, 4) que
genera una masa ligera tipo ISS.

P1, Sec. II, ecs. (6)–(8) y discusión de estabilidad radiativa; P2 y P3 usan este marco.
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B3. ¿Por qué una masa mayor no siempre da una señal mayor?

• En el modelo de juguete, a mezcla fija:

Yνα =
√

2mN1mN2

v
sνα

.

• Aumentar las masas con sνα fijo aumenta los Yukawas. Es una trayectoria distinta de mantener
fijo Yν .

• P1 impone |Yνα|2 < 4π; el crecimiento no puede extrapolarse indefinidamente.

• En P2, diferentes contribuciones a H0 → ℓiℓj se cancelan; a masas mayores aparece una
supresión adicional por mezclas.

BR(H0 → τe) < 1.4 × 10−8 bajo los supuestos de P2.

Hay que especificar qué se mantiene fijo y sumar la amplitud completa. El resultado de un canal
no se extrapola a todos los demás.

P1, ecs. (58)–(60); P2, Fig. 2, ec. (21) y conclusiones.
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B4. ¿Mismo signo significa necesariamente Majorana?

µ+µ+ → τ+τ+ : Linicial = −2 = Lfinal, ∆L = 0.

• En P3 hay cajas genuinamente Majorana y cajas que sobreviven en el límite de Dirac.

• La observación del canal prueba cambio de sabor; por sí sola no prueba violación del número
leptónico total.

10 ab−1 = 104 fb−1, 0.03 fb × 104 fb−1 = 300.

• El ejemplo de 300 eventos corresponde a
√
s = 10 TeV; el valor ∼ 10−2 fb mostrado antes

corresponde a
√
s ≃ 6 TeV.

Nseleccionados = Nprod ε. Una estimación de eventos producidos no equivale a una significancia
de descubrimiento.

P3, Fig. 1, Fig. 3(a) y Sec. IV. Escenario prospectivo de haces del mismo signo.
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B5. ¿η diagonal basta para eliminar cualquier cLFV?

ηαβ ≃ 1
2
∑

I

ΘαIΘ∗
βI , Dγ

αβ ∝
∑

I

ΘαIΘ∗
βIGγ(M2

I /M
2
W ).

• Una cancelación en la suma sin pesos no garantiza la cancelación de la suma con funciones de
lazo distintas.

• En la textura diagonal de P4, a orden dominante cada sector pesado se asocia a un sabor: la
supresión es más fuerte que una cancelación accidental en η.

• La estructura no diagonal de µ genera la mezcla ligera; sus efectos subdominantes dejan residuos
pequeños en el cálculo completo.

El resultado depende de la textura y del orden de aproximación; no debe convertirse en un
teorema para matrices de mezcla arbitrarias.

P4, Sec. IV B y Fig. 3; P5, casos con cLFV suprimida y con un par de sabores seleccionado.
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B6. ¿Cómo comprobar la reconstrucción y la diagonalización?

F = MD(MT )−1, µ = F−1mνF
−T (ISS, F invertible).

• La reconstrucción usa la expresión seesaw aproximada; después hay que comprobar el espectro
completo.

UT MνU = m̂, U†U = I, m̂i ≥ 0.

• Revisar el residuo de Takagi, la unitariedad y la reconstrucción Mν = U∗m̂U†.

• Volver a calcular ∆m2, mezcla ligera y observables; aumentar la precisión hasta estabilizarlos.

Un buen residuo relativo global puede ocultar errores en masas ligeras diminutas. La estabilidad
debe verificarse también en los observables ligeros.

P4, Secs. II y IV, ec. (4.7); P5, análisis numérico. Los criterios de residuos explicitan la comprobación
matemática.
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B7. ¿Qué significa el parámetro diagonal de no unitariedad?

K = (N R), I −NN† = RR†, N ≃ (I − η)U.

• En la parametrización triangular N = T Utri:

T =

α11 0 0
α21 α22 0
α31 α32 α33

 , δµ ≡ 1 − α22 ≃ ηµµ.

• El límite unitario es α22 → 1 y δµ → 0.

• El corte δµ ≤ 5 × 10−3 es el de oscilaciones utilizado en P5; vM ≳ 2 TeV describe ese barrido,
no una cota universal del modelo.

La matriz η es semidefinida positiva a este orden: |ηαβ |2 ≤ ηααηββ . Elementos no diagonales
pequeños permiten diagonales no nulos.

P5, Tabla 2, ec. (4) y Fig. 1. Se distingue explícitamente el elemento triangular de su desviación respecto de uno.
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B8. ¿Qué hace la resonancia y cuándo vale la factorización?

mℓ2 +mP < mN < mA −mB −mℓ1 , ΓN ≪ mN .

• Si el polo queda dentro del espacio de fases y el resto del integrando varía lentamente, la
aproximación de anchura estrecha da

Γ(BA → BBℓ1N → BBℓ1ℓ2P ) ≃ Γ(BA → BBℓ1N) BR(N → ℓ2P ).
• Para LNV hay que incluir las asignaciones permitidas de los leptones y el tratamiento apropiado
de partículas idénticas.

• Un neutrino fuera de la ventana es virtual: ya no se usa esta factorización resonante.

El factor 1/ΓN pertenece a la tasa integrada del propagador. La anchura también depende de las
mezclas y de los canales abiertos.

P6, Sec. II y Apéndice B; P7, Sec. II y Apéndice B.
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B9. ¿Basta la degeneración de masas para cancelar LNV?

• Se requiere también la relación de mezclas y fases:
m4 = m5, Uα5 = iUα4 para todo α.

y = ∆mN

ΓN
, R(y, ψ) = 2

[
1 + cosψ − y sinψ

1 + y2

]
.

• Para fases alineadas de un par pseudo-Dirac:

RLNV(y, π) = 2y2

1 + y2 , RLNC(y, 0) = 2(2 + y2)
1 + y2 .

• En y = 0, LNV se cancela y LNC sobrevive. En y ≫ 1, ambos factores tienden a dos.

Las masas casi iguales no fijan por sí solas la interferencia. Estas expresiones suponen anchuras y
módulos de mezclas iguales y ∆mN ≪ mN .

P7, ec. (11) y discusión del límite de Dirac. Los factores se comparan con la normalización de un estado usada
allí.
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B10. ¿Cómo cambian la señal el detector y las hipótesis de mezcla?

λN = βNγNcτN , PN (Lmı́n, Lmáx) = e−Lmı́n/λN − e−Lmáx/λN .

Nsel = NBA

∫
PN εreco dBR.

• Hay que integrar sobre los boosts del neutrino y la geometría. P7 usa el barión inicial en reposo
y Ldet = 10 m en sus curvas de referencia.
• A cinemática y factor de interferencia fijos, si las mezclas al cuadrado escalan como u, ΓN ∝ u.
Para λN ≫ Ldet:

BRideal ∝ u, PN ∝ u, BRvis ∝ u2.

Las sensibilidades supuestas de 10−8 no son límites medidos. Comparar búsquedas exige
especificar mezclas, vida media, aceptación y canal.

P6, hipótesis de anchura de Figs. 2–3; P7, Secs. II C y III, Fig. 3. Escalamiento a cocientes de mezclas e
interferencia fijos.
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