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Introduction

* The origin of fermion masses and mixings cannot be
understood within the SM.
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Neutrinos are puzzling:

Neutrinos are massive.
Experimental confirmation of neutrinos oscillations.
Smallness of the neutrino masses: RHN.
Dirac or Majorana nature is unsolved.

* Neutrino parameters:
Parameter ﬂm%l{lﬂ_ﬁevi] ﬁm%l{lﬂ_ﬁe‘fﬁ) {sinE Hu)e_w [5111E Hggj}w (siu2 313)%}
Best fit 7.60 2.48 0.323 0.567 0.0234
lo range | 742-7.70 241-253  (0.307 — 0.339{0.439 — 0.599]0.0214 — 0.0254
20 range | T7.26 —7.99 2.35 - 259 |0.292 — 0.357(0.413 - 0.623|0.0195 — 0.0274
do range | T.11-8.11 230 —2.65 |0.278 — 0.375{0.392 — 0.643|0.0183 — 0.0297

DV Forero, M. Tortola and JW.F. Valle, Phys. Rev. D 90, 093006 (2014)
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@rete subgroups of SU(3) (... 3 because of the 3 f@

%k
Ay — Isomorphic group of the
3-dim irreps. 12 thetraedrom rotations

H. Fritzsch and Z. -z. Xing, Prog. Part. Nucl. Phys. 45, 1 (2000) [hep-ph/9912358]
G. Altarelli and F. Feruglio, Springer Tracts Mod. Phys. 190, 169 (2003) [hep-ph/0206077].

*TT

4 Is the smallest SU(3) subgroup with two nonequivalent 3-dim )
irreps. and having a complex triplet. Very useful to generate a
viable deviation from the TBM pattern.

Luhn, Nasri and Ramond , PLB (2007) and JMP (2007)
. J

TT ==  Model with a more predictive lepton sector




+ T, has 21 elements and two generators:

Ishimort, et al, Prog. Theor. Phys. Suppl 2010




The Model

Multi-Higgs extention of the next to minimal SU(5) GUT

G=SUB)XT, XZyXZsXZyXZyXZ15

U’ AGUT

SU3),. x SU(2), x U(1),

K SUBB), xUD),y, /

* Scalar sector: 24, 45,5, 1.




* The fermion assignments:
G=SUB)XTy XZyXZs XZyXZyXZy

¥V~ (10,101, Lw,1,7), ¥~ (10,11,1,1,m2,1,e%)
(10,15,1,1,1,1,1

), i,j=1,2345
o = (D i@ g 3J) (5.31,1,1,1,1)
Ng ~ (1,19,-1,1,1,1,1) o~ (28,19, —1,-1,1,1,1)

* The scalar assignments:

g~ (1 10,1,1,1, 1, e‘%), T~ (1,1.;.,1,1,w,;,e~%)

¢ ~ (1,1p1,1,w,—1,1),

& = (&1.,8.,83)~(1,3,-1,1,1,1,1)
no= (41102, i,'g]l“»lrl,l.l,l,l,l,lj
¥ = (x1.x2.x3)~1(1,31,-1,1,1,1)

HY o (5_1{]__14.111.5—%”—') H? ~ (5,10,1,1,w,1,1)

HY o~ (5111105 1,1), HY ~ (5121,1,1,1,1)
Lo~ (24,10,1,1,1,1,1), d:-j w(dﬁilui—l,l.lrl.e_%)



* Fermions:

G=SUB)XT, XZyXZyXZyXZyXZs

* Scalars:

p | w® el oyt Ny D
SU(5) |10 10 10 5 1 24
T, |1 1 1 3 |1 1
o T @ ¢ U X
SU(5) 1 1
T, 1 3
(1) (2) (3) (4) i.
H, H, H, H % Dji
SU(5) |5 5 5 24 45
T, |1 1 1 1 1




* Family symmetries

T, : Unifies in antitriplets the 3 families of the 5 fermionic irreps. of SU(5).

Z, - Separates the SU(5) charged lepton and down type Yukawa interactions:

4 5,2 4 42 )
1 . . N0 @ + kot "
Ly = &, 'O, H"m‘*’sﬂ) A8

5 2 4 =2
. . ()0 @+ kot
et BT @YY

o J

from the up type Yukawa interactions:

2 I 7 1 2 1
1D = iy, lPE ) € )qJ}EI)L ")




Since the charged fermion mass and quark mixing pattern arises from the
23 % Zy % Z12 symmetry breaking, we set
U, KU~V =Vp = V7 = Vg = Ngyr = AN

where A = 0.225.

Z, : Crucial to get predictive neutrino mass matrix texture.
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Lepton masses and mixings

The charged lepton mass matrix is described by:

’ al’A8 0 0
M =—V, 0 ag")/ﬁ 0 — V diag (m,, my, my)
V2 0 0 al)A3
4 1 1 )
3(1” = (alvg] - 6‘811@) ag) = (&gv( ) 6;5’;21@)
/ 1
N 2y = v (MV*E*‘) - 6‘831@) y
1 1 1 1 .
Vi = —| 1 w «? w=e3
’ V3 1 w? w

Here A = 0.225 is the Wolfenstein parameter.



-

The model has 16 effective free parameters

18 observables: 9 charged fermions masses, 2 neutrino mass squared
splitting, 3 lepton mixing parameters and 4 parameters of the Wolfenstein
CKM quark mixing matrix parameterization.

-
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Quark sector

Observable

Model value

Experimental value

mu(MeV) 0.86 1.457 072
mc(MeV) 673 635 + 86
m;(GeV) 174.2 172.1+0.6 +0.9
mg(MeV) 2.9 2,970
ms(MeV) 57.7 5777129
mp(GeV) 2.82 2.827 504
Vo 0.974 0.97427 £ 0.00015
Vs 0.2257 0.22534 + 0.00065
Vib 0.00305 0.00351F 3 06012
Ved 0.2256 0.22520 + 0.00065
Vs 0.97347 0.97344 + 0.00016
Vep 0.0384 0.041277 000t
Vig 0.00785 0.00867 "3 00033
Vis 0.0377 0.040478 000z
Vib 0.999145 0.9991467 " 000036




Gauge Coupling SU(5) Unification

* Scalar sector

5. = (1,2)12®(3,1)-1y3,
= H, & Hs,
24, = (1,1)0® (1,3)0 ® (8,1)0 ® (3.2)—5/6 ® (3.2)5/6,
= E1 D=3 D= B E32) DEGFo,
45, = (1,2)12®(3,1)_13D(3,3)_1/3® (3,1)4/3 B (3,2)_7/6 D (6, 1) _1 /3 D (8,2) 12,

= P, P P3P Py B P; B P B P

* Fermionic sector :
- N
245 =(1,1)0® (1,3)0 ® (8. 1)0 @ (3,2)_5/6 ® (3,2)5/6.

= o &b P3 & Ps B p{H,?:I © p{ﬁ.?)
S /

!

Type I-11l seesaw realization: Ny, po, P3-




*Model a: X: Eg + 283 + Ng + po + p3, mg = 2.82 X 10> GeV.

with: ES,B atmyp = 2 TeV and Mms = 1014 Gev.

* Model b: X: 2, + Py + E3+ Ng +po+ p3, mg =417 x 1017 GeV.

with: @, 7 and E3 at myp = 2 TeV and ms = 10'* GeV.

Parameter space running: 2 TeV < mE; g, md, < mg < mg
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The region compatible with the proton decay constraints is explicitly shown in light blue.
Model a: 2 TeV < mZg < 10° GeV = LHC = =, — gg

Model b: 2 TeV < m®, < 10! GeV = LHC = g7 — 5°,5*




Dark Matter

* The neutral component of Z3~(1,3),C 245 as a candidate.

* Vanishing of the trilinear coupling of H'Z,H = Stability of DM.

* The termal relic abundance could be compatible with the observed DM
abundance: (py = 0.110 £ 0.005 if m=Z,~2.5TeV.

Parameter space: Lower bounds for the seesaw mediator masses 1

Log],U( m= 3,! GeV)
Logjgt mE 5/ GeV)

sb mzy =25%10° Gev

____________________________

Logjo(mg/GeV) Logyo(mg/GeV)

Allowed parameter space in mg and mZ5. Left and right for the Model I and Model II respectively.

Model I: mg > 1012 GeV.
Model II: mg > 1012 GeV.




Conclusions

*

Fermion masses and mixings are successfully accommodated.

The observed charged fermion mass and quark mixing hierarchy arises from the
breaking of the £4, 24, £, discrete group at a very high energy.

The model has n total 16 effective free parameters in the Yukawa sector, from
which 2 are fixed and 14 are fitted to reproduce the experimental values of 18
observables of the fermion sector.

*

Constraints arising from unification, proton decay and CDM:
2 TeV < mEg < 10° GeV , ms > 10" GeV for Model I.
2 TeV < md4 < 10 GeV, mg > 102 GeV for Model I1.

*+

Testable models at the LHC.




Thanks for your kind attention!




Backup

21 elements, two generators:

p 0 0
a=| 0 p> 0 and b=
0 0 p*
2im
p p— ET

Important identities:

a' =e, b®=e, ba=a’b

O O =

o = O
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The PMNS leptonic mixing matrix is:

/ cosf  e?sinf 1 cos B 4 e ?sinf \
V3 V3 3 ,V3 V3
ot L cosf ej¢+?;£ sin 0 e__g_r e_ég cos e ?sinf
. 2im 2in _2im o
cosf %73 sinf e 3 e 3 cosf 14 e ?sing
\ V3 V3 73 V3 V3

The lepton mixing angles are:

U 1
1 —|Ues|® 2—2z-cos¢’

sin? 0190 =

1
sin’ 13 = \(,{,;.3|2 — 5(1 +z-cos¢),

|Uﬁgr.|2 B 2 —z-(cos¢p++/3sing)
1—|Us?> 4 —2z-cos¢ '

sin? Or3 = (25)

with z =1 and z = —1 for NH and IH, respectively. From the relation
0 =+, we predict J=0and § = 0.







Furthermore, it is well known that the amplitude for neutrinoless double
beta decay is proportional to the combination

Mee = Y U2 m, (26)
k
We predict the following effective neutrino mass for both hierarchies:

Mee = % (B + 4A cos® %) (27)

Using our numerical results obtained fron the fit we get m.. = 4 meV and
Mee =~ 50 meV for normal and inverted hierarchy, respectively. Therefore
our predicted effective Majorana neutrino mass is consistent with its
current experimental bound |m..| < 0.3 eV.




Lepton masses and mixings

The charged lepton mass matrix is described by:

, al!/ )8 0 0 +
M"I — E VH_ 0 En'g ]AS 0 = V”_diag (me, m#, mT)
0 0 ayA3
1 1
with: agl,} - v (ﬂ:lv{l} - 6{511@) ' ag) = v (&QV(I} - 6/32“'{1:-)
1
ag} = (W3VL1) — 6[531@)
1 1 1 1 )
V”_ - = 1 w I’.U2 w = e%
ﬂ 1 w? w

Here A = 0.225 is the Wolfenstein parameter.



NH . mUl — O, muz — B — ﬁm%l ~ gmev,

my, = 2A = \/Am3,; ~ 50meV;

H:m, =B = \/Amgl + Am?; =~ 50meV,

my, = 2A = \/Am3; ~ 49meV, m,, =0,

~ R
NH: ¢ = —0.887, sin®01o ~ 0.34, sin®fr3 ~ 0.61, sin®f13 ~ 0.0232;

IH: ¢ =0.1271, sin®O1p ~ 0.34, sin®fr3 ~ 0.61, sin®f3 ~ 0.0238.
\ _J/
we see that sin? 013 is in excellent agreement with the experimental data,
for both NH and IH, with sin® 61> and sin? 6»3 within a 2¢ deviation from

their best fit values.




The masses of the fermionic fields conitained in the 24 SU(S) irrep are:

yavz

my, = Aya(l4+x1+x2) Agur —

ﬁ
o

3y3vz

V30

2y3v=
V30

= Ayr (1+x1 +x2) Agur —

mp, = Aya(l+x1+x2)Agur —

my, = Ay2 (14 x1+x2) Agut +

y3vz

230

Mo, = Moy

Here mp,, mp, and my, are the masses of the fermionic singlet pg, triplet
p3 and octet pg contained in the 24 fermionic irrep of SU (5), respectively.
We denoted by m, _and m, . = the masses of the (3,2) and (3,2)

P(a2) P(32)

fermionic fields corresponding to the SU (3) triplet and SU (3) antitriplet,
SU (2) doublet parts of p, respectively.

~ /
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~ /




M; can be diagonalized as:

ma 0 0
VJM;_(VJ)T — 0 moy 0

0 0 ms
cos@ 0 sinfe /¢ -
Vi = 0 1 0 P, O=+7
—sinfe® 0 cos@
P, = diag (eml/zi eit2/2 emg/z)
The solutions corresponding to @ = +71/4 and 6 = —7/4 we identify

with the normal (NH) and inverted (IH) neutrino mass hierarchies,
respectively, so that

[
NH . myl — 0.,. ml,-rz — B, mUS — 2A, &1 — &2 — O, &3 — gb,

IH : m,




The quark mass matrices are:

A1 A5 4023

My = agg}/’u‘r’ agg)/‘u 353}/12 L (28)
A
a?’A8 0 0

Mp = % 0 ay A% 0 ) Vm (29)

0 a:gD)/’LE‘

” o @
aj, = 2V2 ’le+’?@1)— 311 4\f’m—, (30)
) y2) (3) s 4
ay;) = 2v/2 ’Yz3+’?32)— 822 4\f"rzz— 833 4\f"r33—

Vv 1
aiy = 2V2(y3+ya) - aED}:;(a:;vﬁ)—l—2ﬁ;v{p),!:1,2,3



We fix aég) — 1 and assume a breaking of universality in the Yukawa

couplings:
A2 _ ) /12 —%
Yir = 1— ?716‘@1.’?12 =71 = —71e' P, 0 =1 (1 — 7) :
A2\
Y13 = Y31 =72 (1 — ?) e'?, yo3 =730 = —72,; = Bi,i = 1,2,3,

Fitting agu), aéu), agD), agD), agD} and the phases ¢; (I =1,2,3), we get:

2l ~ 1.9, a\V) ~ 0.74, ¢1 ~ 10.94°, $p ~ 6.02°,
AP ~ 254 a\P) ~ 0.58, 2\~ 1.42, 3 ~ 21.65°.

With 8 free parameters, the 10 physical observables of the quark sector
can successfully be fitted. J




*The role of the different discrete symmetries are:
- T5: Unifies in antitriplets the 3 families of 5 fermionicirreps of SU(5).

- Z,: Separates the SU(5) scalars multiplets participating in the
charged lepton and down type quark Yukawa interactions from
those ones participating in the up type quarks Yukawa interactions.

- Z2 : Crucial to get a predictive neutrino mass matrix texture that only
depends on three effective parameters and that gives rise to the
experimentally observed deviation from the tribimaximal mixing
pattern.

- 7, and Z,: Crucial to get the right value of the down quark and
electron masses.

- Z41,: Shapes the charged fermion mass and quark mixing hierarchy.




Since the charged fermion mass and quark mixing pattern arises from the
23 % Zy % Z12 symmetry breaking, we set

VI‘J'NVXNVIPZVT:V&:VU':AGUT:AA:

where A = 0.225.

The relevant down type quark and charged leptons Yukawa terms are

(1) [3'5(02 4 ?CJTdr[p*E

£y = a(y'e), HOY

i A8
4 2
i . NT i . ) O
+ a2 (¢'0),, HJ{”TEE }E +a3 ('¢),, HM}TEE }E
1) 592 + ko2

+ 181 (IPI.‘:)L] (I}{'hfj A8
4 , 2

. . T . o
+ B2 (¥0),, ¥V 5 + B (¥0),, Y 5




The relevant up type quark Yukawa terms are

":Er%]I = = {’}’ T{‘I}HQ T}j}f; - TlQTEfl}H{ k?}:j;
+ ’}’21‘1’5;2]-‘"’{4}1{’5(;} Ag + T22‘f’{2 H (B}TE-}%
+ ¥ HY }T“}i + ¥V }wg}}i_i
n ’}’23”1’5;2] H}?}‘Yﬁ} i_z + ,},321{;%3) HE}TE} i_z 4 ,},331{,%3) HS‘}TS}}
The relevant neutrino Yukawa terms are
ﬁgj = Aw (‘Pf’?)lu Hr'(l}NR i’j
*2 *2

i
+ Az (1), H VP Ts + A (90, Phpl s

C'r+Xx1T T+ X0 @
A

+ [11NrNg +y2Tr (0%)] +y3Tr (0°E)







