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HOW DO NEUTRINOS
OBTAIN MASS?

e This question arises because neutrino oscillation experiments
have shown that neutrinos change flavor as they propagate,
which is only possible if they have mass.

e However, in its original formulation, the Standard Model (SM)
describes neutrinos as strictly massless particles.

Thisiis becauseno right fields are incorporated for neutrinos.
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* Therefore, it is necesary to extend the SM introducing new fields
or a new mechanism to generate small neutrino masses.



LEPTON FLAVOR VIOLATION (LFV)

e Animportant point to highlight is that if

neutrinos are massive, then LFV processes

are allowed.
How significant are these effects?

e |Inthe SM, leptons come in three generations,
each associated with a conserved lepton flavor
number +1, while their antiparticles have -1.

conserves number and leptonic
flavor
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THE SEESAW MECHANISM

e |fright hand fields for neutrinos are allowed then the Seesaw

mechanism provide a natural explanation for the smallness of
neutrino masses.
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where M p is the Dirac mass matrix, and MR is the Majorana mass
matrix for the sterile neutrinos.
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e The light neutrino masses arise from their mixing with new heavy

states.
e Thec ved light neutrino masses 1M, are naturally suppressed

ence of a high mass scale M associated with sterile
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The heavier the sterile neutrinos are, the lighter the active neutrinos
we observe.




THE SEESAW MECHANISM
(HIGH SCALE)

e Main drawback: extremely high mass scale

In order to explain light neutrino * Far beyond experimental

masses of reach; :
current particle accelerators
my, ~ 0.1 eV operate at energies of the

order of the TeV scale.

with a Dirac mass term of the
electroweak scale,

e Decoupling of heavy states:
effects of new heavy
particles are strongly
suppressed at low energies.
For example, LFV processes.

» |s there a similar small-scale
mechanism?




LOW-SCALE SEESAW MODELS
(LSSM)

e | SSM can generate potentially observable signals:
u— ey, p— 3e,  —eC

e These processes are currently being explored by:
o MEG Il, Mu3e, Mu2e, COMET, and PRISM

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams
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Figure 1: Current and projected sensitivities for muon-based LFV experiments [1].

[1] Mu2e Collaboration, FERMILAB-FN-1064 (2019). 7/



LOW-SCALE SEESAW MODELS

(LSSM)

e The full neutral lepton mass matrix in the LSSM takes the form

0
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where Mp is a Dirac mass matrix, M is the heavy neutrino mass matrix, My

Mp, Mj
0 % a0 B
Mt

and I are lepton-number violating terms.

" Small neutrino mag“sfesgenerated by

a tiny M/, parameter.

Framework applicable
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INVERSE [3]

Myp =0

Small neutrino masses generated by
a tiny y, parameter.

Focus of this work
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[2] Forero, Morisi, Tortola et al., JHEP 09 (2011).
[3] Gonzalez-Garcia & Valle, Phys. Lett. B 216 (1989).



INVERSE SEESAW MODEL

e We begin our analysis with the inverse seesaw model, where the
smallness of the lepton number violating parameter (4 naturally
explains the lightness of active neutrino masses

e The mass matrix takes the 9x9 block form shown here, which
describes a total of 6 heavy neutrino states

/ 03><3 MD3><3 03)(3
MgSX3 033 M3 3
\ 033 ng3 I3x3

the hierarchy among the mass scales is assumed to be

1| < |Mp| < |M].



NEUTRINO MASS MATRIX
DIAGONALIZATION

e The neutrino mass matrix can be diagonalized using different
methods. In this work, we consider two approaches. As a first step, we
adopt the block matrix diagonalization method (BMDM) [4].

e This consists of constructing a unitary matrix U, such that

B mdiag 0
UI/ MU, = M, diag » M diag — 4 : 9
( ) g g 0 Mjc\l;ag

where the light and heavy neutrino states are separated
perturbatively. '

e This method is used as a reference to validate the numerical
diagonalization procedures discussed later.

[4] Schechter & Valle, Phys. Rev. D 25 (1982) 774.
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NEUTRINO MASS MATRIX
DIAGONALIZATION

e The second approach consists of diagonalizing the full matrix exactly
via its eigenvalues and eigenvectors, constructing a unitary matrix U
such that:

U' MU = diag(mq,ma, ..., my).

e This procedure provides an exact diagonalization of the full square
mass matrix, including all mixings between light and heavy states.

DIAGONALIZATION METHOD  EXPLORATION STRATEGY
The numerical analysis is

carried out using three Block diagonalization Random scan

complementary approaches
to explore the parameter
space

Full diagonalization Random scan

Bio-inspired algorithms

Full diagonalization (BA)
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PARAMETRIZATION

e Following the reference [5], the matrices M and [t are assumed to be

diagonal:

M = deia,g(l—l—e"fi, 1"‘6%, 1-}—6?:;’%),
1= v, diag(l —I—ef’l, 1 +6§‘2, 1 +€§3)'

e The key difference lies in the construction of the Dirac mass matrix:

/ Garnica et al. (2023) \

Mp is constructed using the
Casas-lbarra parametrization [6]:

Mp = Upnns / mo® RT /=t MT.

With Upmns: leptonic mixing
matrix, maes: light neutrino mass

-

matrix, R : complex orthogonal

matrix (6, ¢, ). /

.

This work

Mp is a fully general complex
matrix

PV p)i; = mi; +img,

withi,5=1,2,3.

~
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[S] Garnica, Peinado & Hernandez-Tome, Phys. Rev. D 108 (2023). 12
[6] Casas & Ibarra, Nucl. Phys. B 618 (2001) 171.



PARAMETER SPACE

For the first two
numerical approaches,

the analysis is
performed using 17 free
parameters, which

define the scanned
parameter space:

ETI, 632, egS [—0.5, 0.5]
ei‘{, eg‘g, 6% [—0.5, 0.5]
0, b, [0, 2]
dcp [0, 27]
sin? 615 [0.271, 0.369]
sin? Oog [0.434, 0.610]
sin” 613 0.02000, 0.02405]
Vy [1,1000]eV
my [0,0.12/3]eV
mo 1/6:94 107 +m2, \/8.14x 107 + m?| eV
ms :\/2.47 x 107% + m2, \/2.63 X 107° + m%_ eV
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PARAMETERS WITH BA

For this approach, the analysis is

performed using 25 free parameters:
ETI, 652, 6?3 [_0.5, 0-5]
ejlvf, eg’g, e% [—0.5, 0.5]
U 100, 1000]eV
mfj ,m! ; [5Mev, 5 GeV]
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PRELIMINARY RESULTS

=
v
T
=
[
Q

BMDM

Full diagonalization
Differential Evolution
Current limit (4.2 x 10713)
Future sensitivity (6 x 10714)

Figure 2: BR(u — evy)vsv, for three complementary approaches: block
diagonalization (random scan), full diagonalization (random scan), and full

diagonalization (BA).
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PERSPECTIVES

e Implement constraints from y -

e Applythe framework to other low-scale
parametrizations.

e Extend the bio-inspired analysistothe Li
Seesaw Model.

e |Include tlepton flavor violating channels
(t>ey, Ty, 1> 38) |



Thank you!
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The branching ratio is given by [7]: |
1272«

2 o
GFmM

BR(y — ey) = F,(0)]°

where the dipole form factor is

with x; = mi%_ /M3, fi:(x) the loop function, and B the
mMixing matrix.

[7] Hernandez-Tomeé, lllana, Masip, Lopez Castro & Roig, Phys. Rev. D 101, 075020 (2020).
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BMDM

The full mass matrix is diagonalized bat nstructing a block
unitary matrix [4]: S

where Vi = Upmns and

L /1 =8
=2

The resulting block-diagonal mass matrix is:
v s 'mld,,i‘ﬁ"g 0
diag — 0 Mglag )

The mixing matrix is constructed as B = (BL BH) where:

?

By, = (1 — n) Upmns, n= _MB(M*)—TM‘lML
By = Mp(M)~V,
19

[4] Schechter & Valle, Phys. Rev. D 25 (1982) 774.



FRAMEWORK ARCHITECTURE

Our code is built following a modular library philosophy, allowing the same
methodology to be applied to any seesaw model and any parametrization
without rewriting from scratch.

Mass Matrices Objective Function

(any model, any parametrization) X2 = X2 (Am%l, Am§2)

Method Algorithm

Diagonalization \ Bio-inspired
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BIO-INSPIRED OPTIMIZATION
ALGORITHMS

Why use them?

e Well-suited for non-linear optimization problems.

e Efficient exploration of  high-dimensional
parameter spaces.

e Robust against noisy functions and multiple local
minima.

How do they work? — Differential Evolution

e This algorithm evolves a population of candidate solutions through
mutation, crossover, and selection, mimicking natural evolutionary
processes. DE iterates until the population converges to the optimal
region.

e The fitness function is a x2 built from the neutrino mass squared
differences:

: p) 2
s w2 2 =

Cal Ams; — AM3; exp Am3, — AM3y oxp

X 2

021 J32
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DIFFERENTIAL EVOLUTION
( Initial POpUlCItion ) ( Crossover )
(randomly generated) (some components change) |
( Evaluates x> ) ( Selection )
(keep if x? improves)
C i MUTCIEES \ C New Population )
(the individual changes completely))
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