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Abstract. Within the framework of a local SU(3) family symmetry model, we report a
general analysis of the mechanism for neutrino mass generation and mixing, including light
sterile neutrinos. In this scenario, ordinary heavy fermions, top and bottom quarks and tau
lepton, become massive at tree level from Dirac See-saw mechanisms implemented by the
introduction of a new set of SU(2)1 weak singlet vector-like fermions, U, D, E, N, with N
a sterile neutrino. Right-handed and the N  sterile neutrinos allow the implementation
of a 8 x 8 general Majorana neutrino mass matrix with four or five massless neutrinos
at tree level. Hence, light fermions, including light neutrinos get masses from radiative
corrections mediated by the massive SU(3) gauge bosons. We report the corresponding
Majorana neutrino mass matrix up to one loop. Previous numerical analysis of the free
parameters show out solutions for quarks and charged lepton masses within a parameter
space region where the vector-like fermion masses My, Mp , Mg, and the SU(3) family
gauge boson masses lie in the low energy region of O(1 — 20) TeV, with light neutrinos
within the correct order of square neutrino mass differences: m3 —m? ~7x107° eV?,
m3 —m? ~ 2 x 1073 eV?, and at least one sterile neutrino of the order ~ 0.5 eV. A more
precise fit of the parameters is still needed to account also for the quark and lepton mixing.

Povzetek. Avtor pojasnjuje pojav druzin pri leptonih tako, da uporabi za opis druzin
model z lokalno simetrijo SU(3). Trem druzinam kvarkov in leptonov doda e druzinski
triplet desnoro¢nih nevtrinov, ki nosi samo druZinski naboj, levoro¢ni in desnoro¢ni U in
prav tak D kvark, ki nosijo poleg barve le hiper naboj, levoro¢ni in desnoro¢ni nevtrino, ki
ne nosita nobenega naboja, ter levoro¢ni in desnoro¢ni elektron s hipernabojem (—2). Vsi ti
novi delci so masivni. Novi fermioni poskrbijo na drevesnem nivoju samo za maso tretje
druZine kvarkov in leptonov. Lahkim fermionom, tudi lahkim nevtrinom, priskrbijo maso
popravki v naslednjih redih pri interakciji z masivnimi bozoni, ki nosijo druZinsko kvantno
Stevilo. Avtor izra¢una masno matriko 8x8 za Majoranine nevtrine do prvega reda. Proste
parametre modela dolo¢i z izmerjenimi masami in meSalnimi matrikami. Po dosedanjih
izratunih so primerne vrednosti za mase fermionov My , Mp , Mg in za maso druzinskega
tripleta umeritvenega bozona v intervalu O(1 — 20) TeV, za izmerjene masne razlike lahkih
nevtrinov m,2 — mi2 &~ 7 x 107 €V2, m32 — mi2 =~ 2 x 1073 eV2 lahko avtor poskrbi
s Se vsaj enim sterilnim nevtrinom, ki ima maso ~ 0.5 eV. Avtor pri¢akuje, da bo z bolj
natanénimi izrac¢uni lahko s pomocjo tega modela pojasnil mesalne matrike kvarkov in
leptonov.

* E-mail: albino@esfm.ipn.mx
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7.1 Introduction

Although the standard picture with three light flavor neutrinos has been successful
to describe the neutrino oscillation data. On the other hand, there have been
recent hints from the LSND and MiniBooNe short-baseline neutrino oscillation
experiments[1,2] on the possible existence of at least one light sterile neutrino
in the eV scale, which mix with the active neutrinos. On the other hand, an
explanation of the strong hierarchy of quark and charged lepton masses is still a
big challenge in particle physics. This hierarchy have suggested to many model
building theorists that light fermion masses could be generated from radiative
corrections, while those of the top and bottom quarks and the tau lepton are
generated at tree level. This may be understood as the breaking of a symmetry
among families , a horizontal symmetry.

In this report we update the general features of a "Beyond the Standard
Model”(BSM) proposal which introduces a SU(3) [3] gauged family symmetry
! commuting with the Standard Model group. Previous reports[4] within this
scenario showed that this model has the features and particle content to account
for a realistic spectrum of charged fermion masses and quark mixing. This BSM
model introduce a hierarchical mass generation mechanism in which the light
fermions obtain masses through one loop radiative corrections, mediated by the
massive bosons associated to the SU(3) family symmetry that is spontaneously
broken, while the masses for the top and bottom quarks as well as for the tau lepton,
are generated at tree level from ”Dirac See-saw”[5] mechanisms implemented by
the introduction of a new generation of SU(2); weak singlets vector-like fermions.

The SU(3) family symmetry model allows one to address the problem of quark and
lepton masses and mixing, including active and light sterile neutrinos.

7.2 SU(3) flavor symmetry model

7.2.1 Fermion content

Before “Electroweak Symmetry Breaking”(EWSB) all ordinary, ”Standard Model”(SM)
fermions remain massless, and the global symmetry in this limit of all quarks and
leptons massless, including R-handed neutrinos, is:

SU(3)q, ® SU(3)uy @ SUB3)a, @ SUB)1, ® SUB)y, ®SUB)e,  (7.1)

) Su(3)qL+uR+dR+lL+eR+vR = Su(s) (72)

We define the gauge group symmetry G = SU(3) ® Gsm, where Eq.(7.2) defines
the SU(3) gauged family symmetry, and Gsm = SU(3)c ® SU(2)L ® U(1)y is
the “Standard Model” gauge group, with gu, gs, g and g’ the corresponding

1 See [3,4] and references therein for some SU(3) family symmetry models.
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coupling constants. The content of fermions assumes the ordinary quarks and
leptons assigned under G as:

1 4 2
11’3 2(3,3,2,§)L ) w3:(3>3a1»§)l¥ ) ¢3:(3»3)1)*§)R
11)?:(3»])2)_”1_ ) w2:(3>]»])_2)R)

where the last entry corresponds to the hypercharge Y, and the electric charge is
defined by Q = T3 + 3 Y. The model also includes two types of extra fermions:

e Right handed neutrinos ¥$ = (3,1,1,0)r required to cancel anomalies[6], and
o the SU(2); singlet vector-like fermions:

) 4 o 2
L,R — (])3)1)§) ’ L,R — (1»3)1)_§) (73)
i,R:“»]»])O) ) E,R:”)])])_z)) (7.4)

which conserve the previous anomaly cancellation. The transformation of these
vector-like fermions allows the mass invariant mass terms
My Up Ug + Mp D DR + Mg EP ER + h.c., (7.5)

and
mp NP NR + mg NP (ND)€ + mr NR (NR)€ + h.c (7.6)

These SU(2). weak singlets vector-like fermions have been introduced to give
masses at tree level only to the third family of known fermions through Dirac
See-saw mechanisms. My , Mp , Mg play a crucial role to implement a hierar-
chical spectrum for quarks and charged lepton masses and mixing, meanwhile
mp ,mp ,mg play a similar role for neutrino masses and lepton mixing, all
together with the radiative corrections.

7.3 SU(3) family symmetry breaking

The corresponding SU(3) gauge bosons are defined through their couplings to
fermions as

gH

. H /= = = - _
Lint = 97 (f?yuf? - ngufg) Zy + ﬁ (f?Yuf? + f9vuf3 — ngVufg) zy
+ % (RyufS Y + fvufS Y + By, f3 Y +he) (7.7)

7 =u’%d%e%vg, f§ =c°s°%u° vy and f3 = t°,b°,1°v3. To implement a
hierarchical spectrum for charged fermion masses, and simultaneously to achieve
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the SSB of SU(3), we introduce the flavon scalar fields: n; = (3,1,1,0), i=1,2,3,
transforming as the fundamental representation under SU(3) and being standard
model singlets, with the ”Vacuum Expectation Values” (VEV’s):

M) =(A1,0,0) , M2)T =(0,A2,0) , (m3)" =(0,0,A3). (7.8)

Actually, let us point out here that only two scalar flavons in the fundamental representa-
tion are needed to completely break down the SU(3) symmetry. The most convenient way
to accomplish the spontaneous breaking of the SU(3) family symmetry is under current
study. Thus, the contribution to the horizontal gauge boson masses from Eq.(7.8)
read

2 /\2 2 AZ 2

oM TS YY)+ T2+ 5 4220 5
2 /\2 2 /\2 2

emzi TSV YY) - SRS 5 24 )
2 /\2 2

oMz TE(YIY, 4 YY)+ gf AR

Therefore, neglecting tiny contributions from electroweak symmetry breaking, we obtain
the gauge boson mass terms

(Mf+M3) Y Y7 + (M +M3)YSY, + (M3 +M3)YSYs

1 1 M2 + M3 +4M3 1 2
+2(M%+M§)Z%+E L 32 3Z§+§(M%—M§)ﬁz1 Z, (7.9)
2 /\2 2 /\2 2 /\2
VLI Ve VL e A 1)
2 2 2
| Z Z,
AIIVERS VERL S
Z, M3 -M3 Mi+MZ+ami

Table 7.1. Z; — Z, mixing mass matrix

From the diagonalization of the Z; — Z, squared mass matrix, we obtain the
eigenvalues

M2 (M%+M§+M§—\/(Mf—M$)2+(M§—M$)(M§—M§)>

_2

E
2

M? = 3 <M%+M§+M§ + \/(Mg—M$)2+ (M%—M%)(M%—M%))
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72 72
M3 YTYD +MP, Y5 Y, MY YSY; + M2 -+ M2 = (7.11)
where
My, =Mi+M;5 , My, =Mi+M3; , My =M;+M;3 (7.12)
Z1\ (cosd —sind) (Z_
(Zz) o (sind) cos ¢ Z, (7.13)

w

2 ap2
cos ¢ sinp = T My — Mj ,
V(M3 =M)2 + (M3 — M3) (M3 — M3)

with the hierarchy M, M, > Mw?2. Due to the Z; — Z, mixing we diagonalize
the propagators involving Z; and Z, gauge bosons according to Eq.(7.13):

Zi=cosbZ_ —sindZ, , Z,=sinpZ_ +cosdbZ,

(Z1Z1) =cos®> & (Z_Z_) +sin* b (Z,Z,)
(Z2Z25) =sin®* & (Z_Z ) +cos* & (Z,Z,)
(Z1Z3) =cosdp sind ((Z_-Z_)—(Z,Z,))

7.4 Electroweak symmetry breaking

Recently ATLAS[7] and CMSJ[8] at the Large Hadron Collider announced the
discovery of a Higgs-like particle, whose properties, couplings to fermions and
gauge bosons will determine whether it is the SM Higgs or a member of an
extended Higgs sector associated to a BSM theory. The electroweak symmetry
breaking in the SU(3) family symmetry model involves the introduction of two
triplets of SU(2); Higgs doublets.

To achieve the spontaneous breaking of the electroweak symmetry to U(1)q,
we introduce the scalars: ®* = (3,1,2,—1) and ®¢ = (3,1,2, +1), with the VEVs:

(@) (@)

@9 =[] 0= (], 7.14)
(@) (@)

u _l Vui ( :l 0

o= () L =5 (0, 7.15)

2 Notice that in the limit M? = M3; sin$ =0, cos ¢ = 1



98 A. Hernandez-Galeana

contribute to the W and Z boson masses:

(g% +9¢'%)

2
% (V2 Vv WrW 4 3

(V& +Vv3) Z3

2 _ 2 2 2 2 _ 2 2 2 ; : _1
Vi = Vi +Vi, Vi3, Vi = Vi Vi, + Va3 Hence, if we define My = 5gv, we

may write v = {/vZ +v4 & 246 GeV.

7.5 Tree level neutrino masses

Now we describe briefly the procedure to get the masses for ordinary fermions.
The analysis for quarks and charged leptons has already discussed in [4]. Here,
we introduce the procedure for neutrinos.

7.5.1 Tree level Dirac neutrino masses

With the fields of particles introduced in the model, we may write the Dirac type
gauge invariant Yukawa couplings

hp WY @Y NR + hi¥2ni N + haW2na NP + ha¥on3 NP
+ MpNONS +he (7.16)

hp, hi, hy and h3 are Yukawa couplings, and Mp a Dirac type, invariant neutrino
mass for the sterile neutrinos N7 . After electroweak symmetry breaking, we

obtain in the interaction basis ‘i’?,{ R = (Vg, Vi, Ve, N° )1,r, the mass terms
)

hp [\11 \_/(Oal_ + vy \_/ﬁL +v3 \721_] Ng + [h] A1 \_/(e)R + ho Ay \_/:.)LR 4+ h3A3 \_/,(ER] NE
+Mp NeNS +he. (7.17)

7.5.2 Tree level Majorana masses:

Since NY , Eq.(7.4), are completely sterile neutrinos, we may also write the left
and right handed Majorana type couplings

he WP O%(NP)S + mp NP (NP)€ + hue (7.18)

and

hir YoM (NR)S + MorWom2 (NR)S 4+ h3r¥oms (NR)©
+ mg NG (NS)E +he, (7.19)

respectively. After spontaneous symmetry breaking, we also get the left handed
and right handed Majorana mass terms
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he [vi VoL +va o +v3 v ] (ND)C + me NP (ND)€ + hec., (7.20)

+ [h]R/\1 Vor + hor Az \_/ﬁR + h3r A3 V’?R} (N%)C + mg NOR (N%)CJrh.C., (7.21)

_ve)® ) (v (ND)® ver  vie ver  NR

VoL 0 0 0 hrwy 0 0 0 hp vy
VS.L 0 0 0 hi va 0 0 0 hp vz
Vo 0 0 0 hrvs O 0 0 hpvs

£ |htvi hova hpvs mp hy A1 haAz h3As mp

(VgR)C 0 0 0 hi Aq 0 0 0 hir Aq
(VER)C 0 0 0 ha Ao 0 0 0 hor A2

(V"(;R)C 0 0 0 h3 A3 0 0 0 hsr A3

(N%)c hpvi hpva hpvs mp hir A1 har Az hsr A3 mg

Table 7.2. Tree Level Majorana masses

Thus, in the basis

WOl = (ver, vir, Vo, NPy (vER)%, (VER)S, (VaR)S, (NR)S) (7.22)

the Generic 8 x 8 tree level Majorana mass matrix for neutrinos M9, from Table
72,99 MS (¥9)¢, read

MP My
Me = (7.23)
MODT MR
where
0 0 0 o 0 0 0 By
o o0 0 . oo o
M=10 00| @ MT]o0 o0 08 724
Q1 0 X3 ML B1 B2 B3z mg

and
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000 aq
0 0 0 az
o __
Mp = 00 0 as , (7.25)
b] bz b3 mp
ai=hrvi , ag=hpvi , bi=hiAy , Bi=hir/A (7.26)

Diagonalization of M, Eq.(7.23), yields four zero eigenvalues, associated to the
neutrino fields:

az

aq ay as az as ap
o o o
el — Vp.]_ ) VeL v - ? Vel (7~27)

ap ap apa apa Mt

b, b, by bs b, bs b
op Ver — op ViR s Bpb Ver + bpb ViR — f VIR (7.28)

ap=4/aZ+aZ, bp=4/b?+b3, a=4/al+al+al, b=4/bZ+b2+bl.

o o

: : iiec iR - hor _ hag — 3
Assuming for simplicity e == =k, that is
‘xi_hL_c Bi_hiR_C
o =cL L =cRr
ai hp by ’

the Characteristic Polynomial for the nonzero eigenvalues of M$, reduce to the
one of the matrix m43, Eq.(7.29), where

0 «x 0 a U7 W12 W13 Uig
o mp b mp U271 U2 U23 U24g
= Uy = 7.29
M4 0O0b 0P o U37 U32 U33 U34 7.29)
amp p mg U471 U2 U43 Uag
a=y/at+odi+ai , B=1/BI+BI+BS.
u; my Uy = Diag(mg,mg,mg,mg) =ds , my=UsdsU] (7.30)

Eq.(7.30) impose the constrains

u%l me + ufz mg + u$3 ms +u%4 mg =0 (7.31)

2 o+ 2 o_|_ 2 o_|_ 2 o -0 7.32

U31 M5 + Uzp; Mg = Uzz M7 +~ U3y Mg = (7.32)

Up1U3] mg +Uu2u3z2 mg + uj3u3s m? + U1gU34 mg =0, (733)

® The relation ab = «  would yield five massless neutrinos at tree level.
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corresponding to the (m4)11 = (Mm4)33 = (M4)13 = 0 zero entries, respectively.

Therefore, M$ is diagonalized by the orthogonal matrix

2;, Z‘iaa; 0 0 Tugr G Furs Fug
_STL ‘incﬁ,f 0 0 Zup Zwn Purz Fug
0 =2 0 0 Sup Puw Fuz Pug
0 0 0 0 uzr  uxx Uz ups
ue = (7.34)
0o o0 ETZ, t{,‘bb; Blusy Brug; Bluss Srugy
0 0 —gb B Bus Pus: Puss Pusg
0 0 0 —Ebg Biuzgy Bruz; Brusz Bugy
0 0 0 0 w41 uws2  Wa3 Ugs
(Ug)T M3 U3 = Diag(0,0,0,0,m3, mg, m?, mg) (7.35)

7.6 One loop neutrino masses

After tree level contributions the fermion global symmetry, Eq.(7.1), is broken
down to

SU2)q, ® SU2)u, @ SUQ2)a, @ SUR), ® SUQ2)y, @ SUQ2)e, . (7.36)

Therefore, in this scenario light neutrinos may get extremely small masses from
radiative corrections mediated by the SU(3) heavy gauge bosons.

7.6.1 One loop Dirac Neutrino masses

After the breakdown of the electroweak symmetry, neutrinos may get tiny Dirac
mass terms from the generic one loop diagram in Fig. 7.1, The internal fermion
line in this diagram represent the tree level see-saw mechanisms, Eqgs.(7.16-7.21).
The vertices read from the SU(3) family symmetry interaction Lagrangian

iLing = 97H (VeYuve —Vovuvy) Zu+2\f (VeYuVe + Vovuvy — 2Voyuve) ZY

gH

A (Vevuve Y +VeYu Ve YT + oy Ve YS +he) (7.37)
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The contribution from these diagrams may be written as

XH gii
ey my(My)y , ap= = (7.38)
my (My)y; = Z mp U Uf f(My, mg), (7.39)
K=5.6.7,8
2
f(MY)m]cz) = M\z(’\:l:;oz I’n.r]r\::cil 7
Y
0] M o
ViR > K - e - K : > vir,
(0]
ViR : N N : ver
| |
| |
<Nk > < P¥ >

Fig.7.1. Generic one loop diagram contribution to the Dirac mass term mi; ¥{; vig. M =
MD y ML, MR

o o o o
Ver  Vpr  Ver N
eL|Dv11 Dvi2 Dyviz 0

<l

Vir[Dv21 Dv22 Dyas 0

<2

2t |Dv31 Dyv32 Dyv3s 0O

Nel o 0 0 o0

Table 7.3. One loop Dirac mass terms <2 Dy i; ¥ vk

ai b;
my (My)ia4j = Tb)}—v(MY) (7.40)

Fv(My) = urjuzs mg f(My, m3) +uspuzz mg f(My, mg)

+uizuzz my f(My, m2) +ujguzg mg f(My, mg)  (7.41)
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D,y = &I H}'\/(Mz] )+ S FMz,) +fv,m} v [“;?fv(w )+ % E )]
D1z = 2122 [—%fv(Mz,)vL]]—z]:v(Mzz)} ,
Dviz = a;? |:_%]:\/(MZZ) _-/—"v,nl:| )
Dy = 427 [—}‘fv(Mz]H]lzfv(MzzJ} :
Dy2 = 202 [%fV(ML )+ 5Py (Mz,) —fv,m} +g [““IE‘ FoMy,) + S My,
Dy23 = aczllb: :—]g}—v(Mzz) +fv,m: )
Dy31 = GZE] :*]g]‘—v(Mzz) *-Fv,m: )
Dyss = GZEZ }%J—'V(MZZ) +fv>m: ,
Dyss = %“g? AMz) + G E My,) + 22 F (My,)|
Fv(Mz,) = cos® ¢ Fy(M_) +sin? ¢ F, (M)
Fv(Mz,) = sin® ¢ Fy(M_) + cos® & Fy (M)
Fyom = 2\]/§ cosd sind [Fy,(M_) —F, (M )], (7.42)

7.6.2 One loop L-handed Majorana masses

Neutrinos also obtain one loop corrections to L-handed and R-handed Majorana
masses from the diagrams of Fig. 7.2 and Fig. 7.3, respectively. A similar procedure
as for Dirac Neutrino masses leads to the one loop Majorana mass terms
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16, (My) (7.43)

my(My)i’j =

Gv(My) = m2u?; f(My, m2) + m2 uj, f(My, m2) + mg u?; f(My, m2)

+mg uf, f(My, mg) (7.44)

X=

vy, —a <X X—> —
vir, | N? Ne Vv
| |
| |
< QY > < P* >

Fig.7.2. Generic one loop diagram contribution to the L-handed Majorana mass term
mi; YL (Vi)' M = Mp, m, mg

o o o o
VoL Var Ve NP
vor|Lvit Lyviz Lyis O

vor|Lviz Lv22 Lyvaz O

vir|Lvis Lvas Lyvsz O

NP | O 0 0 0

Table 7.4. One loop L-handed Majorana mass terms < Ly i; ¥ (v;’L)T
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1 1
2 |:4gv(MZ1 ) + ﬁgv(MZZ) + gv,m:| )
271 1
L‘VZZ == ? ng(MZ1 ) + ﬁgv(MZz) - gv,m )
ayaz [

1 1
L'V]Z - (12 _*gv(MZ1)+7gv(MZz)+igv(M1 ):| )

ajaz [ 1 1
Lv13:7 _6gv(MZZ)+2gv(MZ)_gv,m:| )

azas [ 1 1
Lvas = o *ggv(Mzz) + EgV(Ms) + gv,m:|

Gv(Mz,) = cos® ¢ G, (M_) +sin” d G, (M)

gv(MZz) = Sinz d)gv(Mf) + COSZ d)gv(MJr)

1 .
gv,m - 2\7@ COSCI) SInd) [QV(M,) - gv(MJrﬂ ) (745)

7.6.3 One loop R-handed Majorana masses

b; b;

2 (My) (7.46)

my (My)ayiay =

Hy(My) = m2u3; f(My, m2) + mg u3, f(My, m2) + m9 u3; f(My, mg)

+mgui, f(My,mg)  (747)
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Y
(] M o
Vip —a <X % ’— > ViR
o o o o
ViR : N N : vip
I I
I I
<Nk > <MNs >

Fig.7.3. Generic one loop diagram contribution to the R-handed Majorana mass term
mij \_/?R(V]PR)T. M = Mp, mp, mg

o o o o
Ver Vur Var Ng

Ver|Rvi1 Rvi2 Rviz 0
Vir|Rvi12 Ryv22 Ry23 0

Vir|Rv13 Ryv23 Ry33 0

Ng|l O 0 00

Table 7.5. One loop R-handed Majorana mass terms <t R, i; v{x (v;’R)T

b2 [1 1
Rvii == ZHV(MZ1)+ﬁHV(M22)+HV,m ,

1 1
Z2 |2 _ _
|:4HV(MZ] )+ 12HV(M22) Hv,m:| y
1b2
Ry33 = g—biHv(Mzz) )

biba [ 1 1 1
Rviz=—7" __ZH‘V(MZ1 )+ ﬁH‘V(MZz) + ZH‘V(M1):| ;
bibs [ 1 1
Ryi13 = 2 _—gHv(MZZ) + ZHV(MZ) —Hv,m|
bobs [ 1 1
Ryas = =3 |~ gHv(Mz,) + 5Hy (M3) +Hv,m]
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Hy(Mz,) = cos®> dHy(M_) +sin? dHy (M)

Hy(Mz,) = sin® ¢ Hy (M_) + cos? ¢ Hy (M)

1 .
Huum = 57z cos b sin [Hy (M) —Hy (ML), (7.48)

where Fy w y Gv,m and H m, Eqs.(7.42,7.45,7.48), come from Z1 — Z, mixing diagram
contributions.

Thus, in the ¥$ basis, Eq.(7.22), we may write the one loop contribution for
neutrinos as ¥9 M9, (¥9)¢,

Lvin Lviz Lviz 0 Dyir Dyiz Dviz 0

Lvi2 Lv2zz Lyas 0 Dy2i Dyaz Dyv2z 0

Lviz Lv2as Lyss 0 Dysr Dy3z2 Dyzz 0
0 0 0 0 0 0 0 0 «

MS, = 7” (7.49)

Dyvi1 Dv21 Dv3zr 0 Ryir Ryiz Ryiz 0

Dvi2 Dv2z Dvyv3z2 0 Ryiz2 Ry2z Ry2z 0

Dviz Dv2s Dv3zz 0 Ryiz Ry2z Ryszz 0

7.6.4 Neutrino mass matrix up to one loop

Finally, we obtain the general symmetric Majorana mass matrix for neutrinos up
to one loop

My = (US)T M$, US + Diag(0,0,0,0,m2, m2, mg, mg), (7.50)

where explicitly
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N11 Ni2 Ni3 Nig Nys Nyg Ny7z Nyg
Ni2 N22 N23 N2g4 Nas Nag N2z Nag
N13 N23 N33 N3g N3s N3 N3z Nsg
N14 N24 N3s Naa Ngs Ngg Ngz Nag «

(u9)" M7, ug = —
N5 N2s N3s Nas Nss Nsg N5z Nsg

Ni16 N26 N3s Nas Nsg Nes Ng7 Negg

N17 N27 N37 Na7 N57 Ng7 N77 N7g

N1g N2g N3g Nag Nss Nes N7s Ngs

Majorana L-handed:

24
aj
apa
ajazas a3 —
Niz=——=3 [ (921—g1)+gz—g3—69m}
a a2
a2 [1(a%—a?)? a3
szzﬁ Z%(QL —G1) + %(QZ_QS)
P
o2 2_ .2
aZ—a
155 (01 +30z, —402) — 32 g,
Dirac:
1
N]g:m {( b1+a2bz)]:1+a3b3((12b2]:2+(11b1]:3)
+2a1b1a2b2]—'z,}
1
Nig = W b {b1bz —a)F1 + azbz(a2b1.F2 — a102.F3)

+a; az(b% - b%)]—'z1 + 6aja; bp? fm}

(7.51)

(7.52)

(7.53)

(7.54)

(7.55)

(7.56)
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1

W a {(11 az (b3 —b3)Fi + azbz(a;brFr — axby F3)

N2z =

+biba(af — a3)Fz, +6bibr ap® Fm} (7.57)

1

Nyg=———
7 apbpalb?

1 3
+2(af —a3)(b] —b3)Fz, + 7

y 4ap2 bp? Fz,]

{a3b3[a1b1 axby Fi

1
+§(a§b§ + ap? bp?)(a1b1F2 + az2b2F3) + 3asbs(afbf — a%b%)]:m}

Majorana R-handed:

b3b3

N33 = b2b2

Z(Hz, —H1) (7.58)

bi1bybs [bz b2
2b3 b2

N3y = — Y Hz, —H1) +Ho —Hz — 6Hml (7.59)

b3 [1 (b3 —b3)2

b2
Nus =3 (3 pzpr (o M F (e~ H)

b3 — b3
b2

bZ
713 _ _
5 (H1+3Hz, —4H2) -3

o Ho | (7.60)
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Majorana L-handed and Dirac:

Nis5 =G5 U171 + M3 U37 ; Nig =G5 U2 + mMi3us2 (7.61)
Ni7 =Gis w1z + my3us;z ; Nig =Gi5 W14 + M3 Uzs (7.62)
ara; | ad—a? a? (2a3 —a3)
Gis = —ge— | Gz, —G1) + (03 = Ga) +2 =5 Grn
apa a a a?
1
miz = W {b1b2(aé — Cl%)]:] + a3b3(a2b1]:2 - a1b2]:3)
+araz(by —b3)Fz, +2a1az (bp? — 2b3) Fin }
N25 = Gos Uy + mp3 u3;g ; N2 = Go5 W12 + M3 U332 (7.63)
N27 = Gr5u13 + ma3 u3;z ; N2g = Gr5 W14 + M3 U34 (7.64)
G25 = 4a,a*

{(a3—af)*(Gz, —G1) +2a3(a3 — )(gs—gz)—ai (Gz, —G1)
—2a2(a3—a3)(Gz, —G2) +4(a5—aj) (a3 —2a;) Gm }

1

ma3 =-—>55
ap a2 b?

1 1
{as[am b2 F1 + (af — a3)(bf —b3)Fz, + gap?(bp® — 2b3)F7,]

1
—|—§b3(a§ — apz)(a1b1]:z + arby F3) + a3 [a%(Sb% —b%) + c1§(b2 — 3b%)]]—'m}
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Dirac and Majorana R-handed:

N3s =mziuir +Hssusr  , Nizg=m31ui2 +Hzsus2

N37 =mziuiz +Hzsuzz , Nizg=m3;uis +Hszsuss

1
5 {ara2(b3 —b7)F1 + azbs(arbaF2 — azb1 F3)

ms1 = 2bp a?
—|—b1b2(a% — a%)]-'z] + 2b1b2((1p2 — Zaﬁ)}'m}

bib, | b2—b2 b3 (203 —by)
- _ 23 _ )73 Tp)
M35 2o, b oz (Hzy —Hi)+ 5 (Hs —Ha) + oz Hm
Ngs =mza w1 +Hasuzr  , Nag=m3zzui2 +Hasuz2 (7.65)
Nyg = m32 W14 + Has U3g (7.66)

Ny7 = mzx w13 + Has uzs

1
msz = bp a? b2

1 1
{bs[mb] abyF1 + Z(G% —a3)(b] —b3)Fz, + prz(apz —2a3)Fz,]
2)]fm}

1
+Ea3(b§ —bp?)(ar;b1 Fz + azby F3) + b3[b3(3a? — a?) + b3(a® — 3a3
bs
s = 4,00

{ (03 = b7)% (Hz, — H1) +2b3(b3 —by) (H3 — H2) — by, (Hz, — Ha)
—2b2(b3 —bj) (Hz, —H2) +4(b3 —bf) (b3 — 2b3) Hpm }
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Majorana L-handed, Dirac and Majorana R-handed:

Ns5 = Gss5udq +2m33 Uig Usg + Hss u3, (7.67)
Nse = G55 w11 W12 +m33 (Wi U3z +wi2 uz) + Hss uzq us2 (7.68)
Ns57 = Gs5 w1 w3 + m33 (U7 u33 + w13 u3r) + Hss uzg uss (7.69)
Nsg = G55 U171 W14 + M33 (W17 U3s + W14 U37) + Hs5 U317 Usg (7.70)
Nee = Gs5 Uiy +2m33 Uiz Usz + Hss u3, (7.71)
Ng7 = G55 u12 ug3 +m33 (W13 u32 + w12 u33) + Hss uzz uzz (7.72)
Ngg = G55 W12 W14 + M33 (W14 U32 + W12 U34) + Hs5 U3z Uss (7.73)
N77 = Gs5ufs +2m33 Ur3uss + Hss u3; (7.74)
N7g = G55 U13 W14 + M33 (W14 U33 + U713 U34) + Hs5 U33 U3s (7.75)
Ngs = Gss Uty +2m33U1q Usq + Hss udy (7.76)
o2 a2 2 a2 2a 2 — 2 (202 — a2)?
Gss = 2g+ 3g+ 23g3+(24a41) Gz, + 72 Gz,
(a3 —af)(2a3—a})
= G
1
Mm33 = 292
1 1
{a1b1 b2 Fi + (i — a3)(b] —b3)Fz, + 55 (ap’ fZaé)(bpz —203)F7,
+azbz(a1biFr + azbaF3) + [a3b? — a2b3 + a3(b3 —b3) + b3(ad — o)) Fm}
b2 b2 bZ b2 bZ b2 (bZ _bZ)Z (Zbl _b2)2
Hss = —g7 Hi o+ —g> Ha b =32 Hs o+ 2t My, + §2b4p Hz,
b3 —b7) (2b3 — b3
w3 -vheu vy

b4
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7.6.5 Quark (Vckm)axa and (Vpmns)axs mixing matrices

Within this SU(3) family symmetry model, the transformation from massless to
physical mass fermion eigenfields for quarks and charged leptons is

PP =Ve Vi ¥ and g =VR VY g,

and for neutrinos ¥9 = U U, W, . Recall now that vector like quarks, Eq.(7.3), are
SU(2)r weak singlets, and hence, they do not couple to W boson in the interaction
basis. In this way, the interaction of L-handed up and down quarks; 2, ' =
(1°, ¢, t°) and 3, " = (d°,s°,b°)L, to the W charged gauge boson is

oyt W = LW 1ve VD)5l T (Ve VD s v Wa W

V2 V2
(7.77)

g is the SU(2); gauge coupling. Hence, the non-unitary Vckm of dimension 4 x 4
is identified as

(Verm)axa = [V VD) 3xal™ (VS V)34 (7.78)

Similar analysis of the couplings of active L-handed neutrinos and L-handed
charged leptons to W boson, leads to the lepton mixing matrix

(Upmns)axs = (VS VI )3al (U Uy )3xs (7.79)

7.7 Conclusions

We reported an updated and general analysis for the generation of neutrino masses
and mixing within the SU(3) family symmetry model. The right handed neutrinos
(Ve Vi Vo)r, and the vector like completely sterile neutrinos Ny g, the flavon
scalar fields and their VEV’s introduced to break the symmetries: ®*, o4, ny,m2
and n3, all together, yields a 8 x 8 general Majorana neutrino mass matrix with
four or five massless neutrinos at tree level. Therefore, light neutrinos get tiny
masses from radiative corrections mediated by the heavy SU(3) gauge bosons.
Neutrino masses and mixing are extremely sensitive to the parameter space region,
and a global fit for all quark masses and mixing together with neutrino masses
and lepton mixing is in progress.
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