Scotogenic Majorana neutrino masses in an Ay
orbifold theory of flavour

Omar Medina (In collaboration with...)

AHEP - IFIC - CSIC - UV

% GENERALITAT
VALENCIANA
A\

Conselleria de Innovacion,
Universidades, Ciencia
y Sociedad Digital

OBIERNO MINISTERIO
E ESPANA DE CIENCIA, INNOVACION
Y UNIVERSIDADES

Omar Medina An A4 Flavour Symmetry SM Extension


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.055030
https://arxiv.org/abs/2110.06810

IN COLLABORATION WITH...

Francisco J. De Anda Carlos A. Vaquera José W.F. Valle

% L 4L -.

Tepatitlan’s Institute for
Theoretical Studies

Universidad de Guanajuato IFIC (CSIC-Univ. Valencia)

(México) (Spain)

(México)

Omar Medina An A4 Flavour Symmetry SM Extension



OUTLINE

@ Aim of this Model

Motivation

@ Elements & Properties

Phenomenology

@ Conclusions

Omar Medina An A4 Flavour Symmetry SM Extension



Introduction

FUNDAMENTAL PARTICLES AND INTERACTIONS

@ The Lgy is built gauge
invariant under

SUB).® SU2)r@U(1)y

Electroweak Sector

e mmmm nelmmm T neutrino,

FERM\ONS

W bosan ) |7 boson

Omar Medina An A4 Flavour Symmetry SM Extension



(v

& neutrino / \y neutrino )

v

FERMIONS

Omar Medina

@ The Lgy is built gauge
invariant under

SU@B3).® SU2)L®U(1)y.
Electroweak Sector
e The SM gauge group is

generation blind. Preserves
full flavour symmetry.
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Introduction

YUKAWA INTERACTION

e Yukawa interaction is not based on the gauge principle and in
the SM breaks the flavour symmetry e.g.

Yee Y'ee,u Yer

L e e
YL ek, Yo=Yl v ovET (1)

Y'ere Y'e‘"ﬂ }/67'7'
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YUKAWA INTERACTION

e Yukawa interaction is not based on the gauge principle and in
the SM breaks the flavour symmetry e.g.

Yee Y'ee,u Yer

L e e
YL ek, Yo=Yl v ovET (1)

Y'ere Y'e‘f',u }/67'7'

o Gauge Interaction o Yukawa Interaction
Flavour

Basis 5 %uﬁi d;h, Y/ Qi ®dh. (2)
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YUKAWA INTERACTION

e Yukawa interaction is not based on the gauge principle and in
the SM breaks the flavour symmetry e.g.

Yee Y'ee,u Yer

L e e
YL ek, Yo=Yl v ovET (1)

YTe Y'e‘f',u }/67'7'

€

o Gauge Interaction o Yukawa Interaction
Flavour p o
Basis 5%]71715 d;l, ~Y,'Qip®d;,. (2)
Mass o
Basis —D7 Qi ®djs.  (3)

g _ 1,ij -
7UiLVCKMW djL7
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Introduction

THE CKM MATRIX

Relates down-type quark Flavour- and Mass-eigenstates. Using
the Parametrization:

q
{9127 13792375} (4)
a .d qa .4q q ,—109
C12C13 512€13 S13€
\V = —g9 8, — 9 g9, &8 eiéq Aol gl g9 gd eiéq .54
CKM= 12623 12513523 12623 12513523 13523 |-
q .q qa .4 a4 ,109 q o4 q .4 .4 ,i09 q .q
812823 = C12513C23€ —C19823 — 512513C23¢€ C13C23
where
ci; = cos by si; = sin ;. (5)
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Introduction

NEUTRINO OSCILLATIONS

o Neutrinos suffer flavor changing while they propagate
(Neutrino Oscillations):

Solr » Interaction- and Mass- eigenbasis are
— Misaligned
~—

« $
N/
2 N
% &
= &
&

Neutrino oscillation between three generations.
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Introduction

NEUTRINO OSCILLATIONS

o Neutrinos suffer flavor changing while they propagate
(Neutrino Oscillations):

Solr » Interaction- and Mass- eigenbasis are
—‘ Misaligned

2

> Therefore neutrinos have a mass.
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Neutrino oscillation between three generations.
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Introduction

NEUTRINO OSCILLATIONS

o Neutrinos suffer flavor changing while they propagate
(Neutrino Oscillations):

Solr » Interaction- and Mass- eigenbasis are
@ — Misaligned

; > Neutrinos at least O(1076) lighter than
the e™. This strongly suggests a
different mass mechanism

Neutrino oscillation between three generations.

> Therefore neutrinos have a mass.
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Introduction

NEUTRINO MASS

) P, e Majorana neutrino mass from
N I Weinberg operator
“PI°DL (6)
A
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Introduction

NEUTRINO MASS

e Majorana neutrino mass from
Weinberg operator

C _—c
~ SOL°9L (6)

e Seesaw mechanisms, (Tree Level
Neutrino mass)
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Introduction

NEUTRINO MASS

e Majorana neutrino mass from
Weinberg operator

C _—c
~ SOL°9L (6)

e Seesaw mechanisms, (Tree Level
Neutrino mass)

e Radiative (Neutrino mass only in
the QFT)
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0 @ Scotogenic: Additional Ny

(sterile), and a scalar 1 in the field
content + Zo Symmetry

Vi Ny, Vj
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0 @ Scotogenic: Additional Ny

#° &
(sterile), and a scalar 1 in the field
content + Zo Symmetry

T]O I/U

v N, v o Mediator mass is suppressed by the

loop.
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0 @ Scotogenic: Additional Ny

#° &
(sterile), and a scalar 1 in the field
content + Zo Symmetry

f]o I/U

v N, v o Mediator mass is suppressed by the

loop.

e Zs symmetry stabilizes the lightest
“Dark Particle” giving a DM
candidate.
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Introduction

THE LEPTON MIXING MATRIX

Relates neutrino Flavour- and Mass-eigenstates.

V%) = Z Ui |VZ> , a=eu1. =123, (7)
i

Symmetric parametrization

{615,015, 053, d12, P13, P23},  with &' = 13— 12 — do3. ()

oed Lol e—idi: I _—ig
€12¢13 S12¢13€ 12 S13¢€ 13
Ul id Lol —i - 1 a _ 1 1 1 _—i(daz+dio—0 1ol —id
—slachye’®12 — clysiyshyeTiP237018) ey — slysiyshye (P28 TOL27018) o gshyeTi0ns
1ol i(pag+ Lol ig b igog 1 1 1 —i(pro—¢ [N
S12523€ (¢23+912) — c1g873¢53e 713 Clasp3€e" P23 — sigsizegze (P12=¢13) 013623( )
9
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Introduction

THE FLAVOUR PUZZLE

Flavour symmetry breaking has consequences...
o Fermion masses, and their hierachy
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Introduction

THE FLAVOUR PUZZLE

e Mixing Patterns

|Vud’ |Vu8| |Vub’
Veal  |Ves| [Va| | ~ ;
Vial  [Vis| [Vl

‘Uel, ’Ue2’ ’Ue3‘
’Uul‘ ‘UH2| |Uu3’ ~
’UTl‘ |UT2| |UT3|
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THE FLAVOUR PUZZLE (SUMMARIZED)

o The Standard Model 4+ massive Majorana neutrinos is a model
with 27 Input Parameters .
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THE FLAVOUR PUZZLE (SUMMARIZED)

o The Standard Model 4+ massive Majorana neutrinos is a model
with 27 Input Parameters

o From this model it’s possible to obtain accurately several
hundreds of observables. See
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THE FLAVOUR PUZZLE (SUMMARIZED)

o The Standard Model 4+ massive Majorana neutrinos is a model
with 27 Input Parameters

o From this model it’s possible to obtain accurately several
hundreds of observables. See

@ There are 5 parameters related to gauge symmetry and its
breaking:
{gea 9W7 gsa Uh,a mh} (10)
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THE FLAVOUR PUZZLE (SUMMARIZED)

o The Standard Model 4+ massive Majorana neutrinos is a model
with 27 Input Parameters

o From this model it’s possible to obtain accurately several
hundreds of observables. See

@ There are 5 parameters related to gauge symmetry and its
breaking:
{gea 9W7 gsa Uh,a mh} (10)

@ There are 22 parameters related to Yukawa interactions:
{m67 m,ua My, My, Myy, mV37 mqg, Mgy, Mp, My, Mg, mb} (1]-)

{9112) 9l137 9l237 51’ P12, P13, ‘9%2’ 9?37 9337 5q} (12)
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FLAVOUR SYMMETRY

o Flavour symmetry at high-energy regime.
SU@B)e® SU2)L @ U(l)y © G. (13)
Flavour

o Constraining, or relating the Yukawa coupling structure

SSB .
\G/ —— Viokm, U, Mass Hierarchy. (14)
Symmetry Flavour Observables

e An appealling option are Discrete and Non-Abelian Groups
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A Three Family Symmetry Model

BorTOM-UP: EXTENDING THE STANDARD MODEL

Neutrinos’
Nature &
Masses
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A Three Family Symmetry Model

BorTOM-UP: EXTENDING THE STANDARD MODEL

Neutrinos’
Nature &
Masses
Flavour Dark
Puzzle ‘ ’ Matter
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A Three Family Symmetry Model

BorTOM-UP: EXTENDING THE STANDARD MODEL

Neutrinos’
Nature &
Masses

Connect with UV
Theories

Flavour Dark
Puzzle Matter

I
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A Three Family Symmetry Model

THE SPACETIME MANIFOLD

o Build upon: 6-dimensional spacetime,
M =M*x (T?/Zs,) , (15)
o Identifications
T : z~2z+1, T z~z+4+w, Zy : z~—z. (16)

Orbifold O = T?/Z, (17)
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A Three Family Symmetry Model

THE SPACETIME MANIFOLD

@ Build upon: 6-dimensional spacetime,
M =M* x (T?/Z,), (15)
o Identifications
T : z~2z+1, T : z~z+4+w, Zo : z~—2z. (16)
Orbifold O =T?/Z, (17)

e Flat and with four singular points, the location of 4-Branes
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A Three Family Symmetry Model

THE SPACETIME A; SYMMETRY

s
\ N
\
\\

A

o Tetrahedron Symmetries:

> Vertex permutation

S =(2143), T = (1423). (18)
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A Three Family Symmetry Model

THE SPACETIME A; SYMMETRY

o Tetrahedron Symmetries:
> Vertex permutation
S=(2143), T = (1423). (18)

@ Described by the A4 group
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A Three Family Symmetry Model

THE A, GROUP

o The A4 presentation

A4g{5,T|52:T3:(5T)2:1}, (19)
Class | n | h | x1 | X2 | X3 | x4
¢ 11111
Co |43 1| w|w?
Cs 4131 |w?]| w
cy |32 1] 1]1]-1
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A Three Family Symmetry Model

THE A, GROUP

o The A4 presentation

A4Q{S,T|52:T3:(ST)2:1}, (19)
Four Irreps.
Class |n | h | x1 | X2 | X3 | x4 1,17,1”,3. (20)
1 1]1] 1 1 1 3 2mi
Co |43 1 |w | w?| O w=es. (@)
Cs 4131 |w?]| w
cr I3l2]1 1|11
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A Three Family Symmetry Model

THE Ay FLAVOUR SYMMETRY

@ Three generations defined over
different branes

Field Content and Quantum Numbers

Field SU@B)c SU@2)L. U(l)y Zs Location Ay
L 1 2 -1 1 Brane 3
de 3 1 2/3 1 Brane 3
e‘ 1 1 2 1 Brane 3

3 2 1/3 1 Brane 3

uf a3 3 1 —4/3 -1 Bulk 17,11

F 1 1 0 7 Brane 3
H, 1 2 1 -1 Brane 3
Hy 1 2 -1 1 Brane 3

n 1 2 1 —1 Brane 1

o 1 1 0 -1 Bulk 3
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A Three Family Symmetry Model

EFFECTIVE A4 INVARIANT YUKAWA LAGRANGIAN

e This A4 Flavour Symmetry Constraints the Yukawa couplings
from first principles

Lyt =yl (Qd°Ha)y, + 8 (Qd°Hy)y, + v (Le*Ha)y, + 5 (LeHy)
+ i (QHy)p ui + vy (QHy)qm us + yi (QHy), ug
+y° (FTFG') 1, + H.c.
+y{ (LnF), + H.c. (22)

» Down-Type Quarks » Up-Type Quarks

0 yge(li ygeg U U u o u, 2 u
My = vy yded 0 yd Yrer Yregw Y1 W2
- 2-1 1 —
yded yd 0 ’ My = vy | y3et Y3 € yyw .
152 2
ysel  ysez.  y§
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A Three Family Symmetry Model

DARK MATTER CANDIDATE

e Flavour Symmetry Breaking
y° (FTF(o)), +H.c. (23)

VEV assumed to be fixed by Scherk-Schwarz boundary
conditions from the extra dimensions, the most general (o)

parametrization
€5 e
(o) = vy €5 , with €7, € R and 0<¢ <.
1

(24)
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A Three Family Symmetry Model

DARK MATTER CANDIDATE

e Flavour Symmetry Breaking
y° (FTF(o)), +H.c. (23)

VEV assumed to be fixed by Scherk-Schwarz boundary
conditions from the extra dimensions, the most general (o)

parametrization
€5 e
(o) = vy €5 , with €7, € R and 0<¢ <.
1

(24)
e This (o) determines the “Dark Fermion” F' Masses, these
together with n are WIMP-DM candidates due to the “Dark” Zs.

Omar Medina An A4 Flavour Symmetry SM Extension



A Three Family Symmetry Model

NEUTRINO MASS

o This Zy Symmetry is Assumed to be conserved, therefore:

(m=0. — +yi(LnF), +He. (25)
Flavour symmetrical one-loop Majorana mass model

H, Hy

Q9 ----e---
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A Three Family Symmetry Model

NEUTRINO MASS MATRIX

@ The Neutrino Mass Matrix

=30 P ), (20)
k
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A Three Family Symmetry Model

NEUTRINO MASS MATRIX

@ The Neutrino Mass Matrix

’ hik(hT)kJ
(Mu)i]’ Z 3972 S(mr,), (26)
where
m2 m? m? m?
S(ka):ka 2 Lt ) In 2R — 3 U 3 In 21 s
my —mE - My My —mp o M
with mgr = m(Ren®), m; = m(Imn") and
mp —mi == 2X5((Hu)a(Ha)s)1 (28)
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A Three Family Symmetry Model

MODEL’S PARAMETERS

o General parameterization, Assuming C'P preserved at the high
energy scale.

€y 1 €] evr

<HU> = Uy 515 ) <Hd> = Udq Eg ) <O-> = Vg 6%

1 et 1
(29)

Working with a quasi-aligned VEV for H,, Hy
el el el ed << 1. (30)
@ 16 Independet Parameters:
d d i

{y?a y?QUda yiQ,?,v’un yU/UOW qu,’Q ) E(17—,27 eza}‘ (31)
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A Three Family Symmetry Model

MASss MATRICES

e Dark Fermions e Up-Type Quarks

0 1 6% yret  yletw?  ylw
_ o L0
Mp=yovg | 1 0 e M, =v, |yhef ey yhu?
€] €Je¥ 0 ysel  yhey Y3
o ]
e d e d
0 . Y€1 Y262 0 yiey Z/gfg
J— € [
Me = V4 y2€zli 0 Y1 3 Md = U4 ygﬁil 0 Y1 ’
e e
Yi€a Yo 0 yilﬁg Z/g 0
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A Three Family Symmetry Model

MASss MATRICES

e Neutrinos (Scotogenic

mechanism).
2 hin ()i

(M) = “gom2 S(mR),
!

e 22 Flavour Standard Model Parameters, thus correlations
are expected.

l l 1 2 2 q q q q
{9127 9137 923, </)127 ¢13a @23, Am21, Am31, Moy, c,t,d,s,b,e,pu,T> 912a 9137 9237 o }
(32)
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Phenomenology

SOME INTERESTING RESULTS

° Quark Lepton Mass Relation. From M., M, structure
mor - my (33)
V/Mypme VMmsmyg
e prediction for the neutrino mass scale
-2
mi/ightest % 107%eV (34)

o We considered Normal Ordering for neutrino masses. The

CP phases
6' = 13 — P12 — P23 = 192 °. (35)
w,p = {69, ¢12, P13, P23 }- (36)
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Phenomenology

GOLDEN QUARK-LEPTON RELATION

o Prediction from A4 and H,, Hy ~ 3

m
Mr M (37)
/My me VMmsmyg
4.0
35
>
Q
Z 30
=
S
25
2.0

40 45 50 55 60 65 70
my | MeV

Omar Medina An A4 Flavour Symmetry SM Extension


https://link.springer.com/article/10.1007/JHEP02(2021)071
https://link.springer.com/article/10.1007/JHEP02(2021)071

Phenomenology

LEpTONIC CP PHASE

2.0

0.5

0.0

0.45

0.50 0.55 0.60

sin20{23

Omar Medina

0.026

0.024

0.022

sin20[13

0.020

0.018

0.25 0.30 0.35 0.40

A4 Flavour Symmetry SM Extension


https://www.sciencedirect.com/science/article/pii/S0370269319309177

Phenomenology

NEUTRINOLESS DOUBLE BETA DECAY

o For testing the Majorana nature of neutrinos

3
(mgg) = |>_ (U.;)*m;| = 58.08meV. (38)
i=1

10"} KamLAND-Zen ('**Xe)

i [sNO4Phasen [
LEGEND
-2
w e % 107
L inexo
AT =
kS ¢
w e v 2 e
107 5 =
@ ]
n 3
> x
s 2
s s
NO s L5
LY
107 1072 107

my [ eV
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Phenomenology

CONCLUSIONS

@ The origin of the presence of three generations is still unknown,
and is an interesting topic to explore.
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Phenomenology

CONCLUSIONS

@ The origin of the presence of three generations is still unknown,
and is an interesting topic to explore.

e This SM Extension incorporates in a single three family
symmetry framework

> A proposal to reduce the flavour puzzle (Mass hierarchy,
Quark-Mixing and Lepton-Mixing).
» Radiative Neutrino Masses, and WIMP-DM candidates.
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Phenomenology

CONCLUSIONS

@ The origin of the presence of three generations is still unknown,
and is an interesting topic to explore.

e This SM Extension incorporates in a single three family
symmetry framework

> A proposal to reduce the flavour puzzle (Mass hierarchy,
Quark-Mixing and Lepton-Mixing).
» Radiative Neutrino Masses, and WIMP-DM candidates.

@ This model yields values of flavor observables in agreement with
experiments in both quark and lepton sectors.

l 1 ! l 2 2 q q q
{9127 13> 9237 J, Amzp Amgp Muy,c,t,d,s,b,e,um,T> 9127 9137 9237 (5q}-
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Phenomenology

CONCLUSIONS

@ The origin of the presence of three generations is still unknown,
and is an interesting topic to explore.
e This SM Extension incorporates in a single three family
symmetry framework
> A proposal to reduce the flavour puzzle (Mass hierarchy,
Quark-Mixing and Lepton-Mixing).
» Radiative Neutrino Masses, and WIMP-DM candidates.
o This model yields values of flavor observables in agreement with
experiments in both quark and lepton sectors.

l l ! l 2 2
{9127 0133 0237 5 ) Alev Am,?)l? mu,qt,d,s,b,auﬂ'a 0(1127 9(1133 0;37 5(1}

o It also has testable predictions
mr mp y < =2 !
~ my; Z 107%eV, 55 > 45 mgag).
\/mume \/msmd7 lightest ~~ ) 23 ’ < 5/5’)
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