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MODEL WITH SU(3) FLAVOUR SYMMETRY

G = SU(3) @ SU(3)c ® SU(2), ® U(1)y "GAUGE GROUP”
SU(3) : Flavor symmetry

SU(3)c ® SU(2), ® U(1)y : Standard Model

FERMION CONTENT

Ordinary Fermions: Q = T3, + 1Y
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EXTRA FERMIONS: SU(2); SINGLETS

Anomaly conditions:
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EP,Eg =(1,1,1,—2) Vector Like electron

NP, Ng =(1,1,1,0) Sterile Neutrinos



ELECTROWEAK SYMMETRY BREAKING

In this scenario we introduce two triplets of SU(2), Higgs doublets:
oY = (3,1,2,—1) and &9 = (3,1,2,+1), with the VEVs:

(®1) (1)
(@) =((®5) | . ()= (®3)
(®3) (®9)
where
o L (v oy _ L (0

Contribute to the W and Z boson masses:
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vZ=vi+vi+vi, vi=V2+ VZ+ V. Hence, if we define as usual

v =

My = 1gv, we may write v = \/v2 + v2 = 246 GeV.



SU(3) FLAVOUR SYMMETRY BREAKING

<772>T = (07/\2’0) ) <773>T = (0707/\3)

The above scalar fields and VEV's break completely the SU(3) flavor
symmetry.
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SU(3) GAUGE BOSON MASSES:
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From the diagonalization of the Z; — Z, squared mass matrix, we obtain
the eigenvalues
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with the hierarchy My, M, > My, .




Charged fermion masses
Dirac See-saw mechanisms

hof @ ER + g EY + hs ¢ ns EY + MEf ER + hc

where M is a free mass parameter ( because its mass term is gauge
invariant) and h, hy, hy and hs are Yukawa coupling constants.
u-quarks and neutrinos coupled to ®Y, while

d-quarks and charged leptons couple to &<



In the gauge basis zﬁf’RT = (e°,u°,7°, E°)1 R, the mass terms
VoMY + h.c, where
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Table : Tree level Dirac mass matrix M°



Notice that M° has the same structure of a See-saw mass matrix, here
for Dirac fermion masses. So, we call M?° a " Dirac See-saw” mass
matrix. M? is diagonalized by applying a biunitary transformation

Yir= VLR XLR:

VeT M° Vg = Diag(0,0, —/A_,v/Ay)

VeI MeMeT v = VET MOT M® Vg = Diag(0,0,A_,\,).

where A_ and A, are the nonzero eigenvalues, /A, being the fourth
heavy fermion mass, and y/\_ of the order of the top, bottom and tau
mass for u, d and e fermions, respectively.



One loop contribution to charged fermion masses
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Figure : Generic one loop diagram contribution to the mass term
.. 30 @0
mjj € &R



. H o, - _
iLine = % (€°vue® — peyup®) Zy' +

2\[(ewue + 1oy’ = 27°9,7°) Z;
L &
2

V2 (€27unY1" + €7umYy" + 127,V + hoc.)

10

where gy is the SU(3) coupling constant, Z;, Z, and
Y/ i=

i=1,2,3,j=1,2 are the eight gauge bosons
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where My is the gauge boson mass, cy is a factor coupling constant
o
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—+v/A_ and mg = /A are the See-saw mass eigenvalues, and
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My . Adding up all
the one loop SU(3) gauge boson contributions, we get the mass terms
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Table : Generic one loop diagram contribution to the mass term mj; & ef
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with M = [ Diag(0,0,—/A—, /A7) + Ve TMg vg).



Acting V}°, Vg we get the mass matrix in the tree level mass eigenfields
and eigenvalues basis

mia mi2 Cp mi3 Sg mM13
myy mao Cp my3 Sp mMo3
M=
Ca M1 Comzz (—+/A_ + cacs ms3) CaSg M33

S M31  So M3 SaC3 M33 (v/ At + 5453 m33)



The diagonalization of M yields the physical masses for u, d, e and v
fermions. Using a new biunitary transformation x; g = VL(},)? Vi R

— T
U Mxr =0, VD MV W, with W, g7 = (£, ., 5, F)Lr the
mass eigenfields, that is

T T
1 T, 1 T 1 . 2 2 2 a2
v MMT Vv = v MT M VY = Diag(m?, m3, m3, M2)
m?=m?2 m3 = mi, m3 = m2 and M? = M2 for charged leptons.
Therefore, the transformation from massless to mass fermions eigenfields
in this scenario reads

wp=Ve VP WL and g = VRV e



Quark Mixing and non-unitary (Vexwm)axa

Recall that vector like quarks are SU(2), weak singlets, and then they do
not couple to W boson in the interaction basis. So, the interaction of
ordinary quarks £ 7 = (u°,¢°,t°); and £, T = (d°,s°, b°), to the W
charged gauge boson is

_ _ T
% Fo Ly fo W = % Ty VIO [(VE)aka] T (VS )3 VD 7w WH

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

T T
(Verm)axa = VO [(V)3xal ™ (V)axa VD = VD Vo V.
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Vi, vi,i =1,2 are related to (e,d) and (u,r) fermions respectively.



It is important to comment here that the scalar fields introduced to break
the symmetries in the model: $Y, o, 12 and 13, do not couple ordinary
fermions directly. So, FCNC scalar couplings to ordinary fermions are
suppressed by light-heavy mixing angles, which as is shown in
(Vekm)axa, may be small enough to suppress properly the FCNC
mediated by the scalar fields within this scenario.



NEUTRINO MASSES

Tree level Dirac Neutrino masses

P WSO NG + hWem NY + hsWons Ny + MpNPNg + h.c

h, hy and hs are Yukawa couplings, and Mp a Dirac type invariant
neutrino mass for the sterile neutrino N} . After electroweak symmetry

breaking, we obtain in the interaction basis \Ill‘jL r= (W2, v,v2, N°)LR,
the mass terms

ho [vlueL+v2V L+V3VTL} NG + [h2/\2u R+h3/\3uTR} NP + Mp N7 NG +
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Table : Tree level Dirac mass terms mj; v l/ﬁ?



Tree level Majorana masses:

Since N} i are completely sterile neutrinos, we may also write the left
and right handed Majorana type couplings

ho WP OU(NP)S +  my NP (NP)°
and

har W2 (NR)® + hsrWEns(NR)® + mrNZ(NR)*+ h.c,

respectively. After spontaneous symmetry breaking, we also get the left
handed and right handed Majorana mass terms

hy {vl vy +wvav L+V3VTL] (NP)e  + mLWf(NE)c

+ {thA2ﬁ+ h3R/\3ﬁ} (NE)C + mRFE(NE)C+h.C.,
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Table : Tree level L-handed Majorana mass terms m;; 5] (Z/ﬁ_)T
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Table : Tree level R-handed Majorana mass terms mj; 7% (Vﬁ?)T
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Table : Tree Level Majorana mass matrix M? in the W¢ basis



Diagonalization of M? yields 4 zero mass eigenvalues automatic, 5 zero

mass eigenvalues also possible

(US)T M2 US = Diag(0,0,0,0, mg, mg, m9, mg)

where
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One loop neutrino masses

One loop Dirac Neutrino masses

Light neutrinos may get tiny Dirac mass terms from the generic one loop
diagram in Fig. 2, as well as L-handed and R-handed Majorana masses
from Fig. 3 and Fig. 4, respectively. The contribution from these
diagrams read

ay
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Figure : Generic one loop diagram contribution to the Dirac mass term
mj; DioLVﬁ?' M= MD, mp, mg
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Table : One loop Dirac neutrino mass terms mg vy vig



One loop L-handed Majorana masses
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Figure : Generic one loop diagram contribution to the L-handed
Majorana mass term m;; Di"L(z/Jf’L)T. M = Mp, m;, mg
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Table : One loop L-handed neutrino Majorana mass terms mj; 5] (
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One loop R-handed Majorana masses
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Figure : Generic one loop diagram contribution to the R-handed

Majorana mass term m;; Dﬁ?(yﬁ?)T. M = Mp, m;, mg
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Table : One loop R-handed neutrino Majorana mass terms mj; U (z/ﬁ?)T



_ (va)© (VZL)C (v2,)° Ver VZR VIR
v Ly Ly12 Ly13 Dy 14 Dy1s Dy 16
VoL Ly12 Ly Ly o3 0 Dy 25 Dy 26
v, Ly13 Ly o3 L, 33 0 Dy 35 Dy 36
()¢ Dy 14 0 0 0 0 0
(voR)© D, 15 D, 25 D, 35 0 R, 55 R, 56
(V2R)° Dy 16 Dy 26 Dy 36 0 Ry 56 Ry 66
NP 0 0 0 0 0 0
(Ng)e 0 0 0 0 0 0

Table : One Loop Majorana mass matrix M¢,, in the W2 basis



NEUTRINO MASS MATRIX UP TO ONE LOOP

My = (U)T
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Preliminary numerical results

SU(3) PARAMETERS: QTH =012, My =1TeV, My =10 TeV

Charged leptons:

i
Vo

0.486
0.
0.
0.

Me =

Vo hs
. 2~022 , Ba 0269

Vs By

0. 0. 0.
—53.3413 383.348 2.463
—232.662 —1689.89 5.92926
—23.3834 92.7496 4.04616 x 10°

sina =0.1, sinB =0.0064 , \/A_ =2612.74MeV , /Ay = 4.04 TeV

(me, my , m;) = (0.486, 102.7, 1746.17) MeV



d-quarks:

Vi Vs hs
—~0 , —=~022 , — ~-0.238
VQ V3 h2

—2.82 0 0 0

—31.4906  333.018 14.2511

M, — 0
4= 0 —221.699 —2832.28 48.0863
0 —22.2816  112.933  919791.

sina=0.1, sinf8 =, \/A_ = 3955.95MeV , \/A; = 919.786 GeV

(mg, ms, mp)=(2.82, 57, 2860 ) MeV



u-quarks:

V2 V2
o131 VIFY e b o 5008
v2 v3 hay
1.40804  216.366 —565.124  —750.069
. _ | 0181002 564087 24517 3203.16
v =1 00208782 —229259 —172100.  7592.97
0.00300287 —230.414

568.141  1.31749 x 106

sina=0.1, sin8 =, \/A_ =177.753GeV , /Ay = 1.31TeV

(my, me, m) = (1.382, 637.450, 172134 ) MeV



QUARK MIXING
T
(Verm)axa = V3 [(VE)3xalT (V3 )axa V)

0.973479 0.226444 0.0325766  —0.000625627

(Verm)axs = 0.227665 —0.972842 —0.0409653 —0.00719965
—0.0224446 —0.045686 0.988122 —0.0992279
0.00198582  0.00894833  —0.104875 0.0105793



NEUTRINO MASS MATRIX (eV)

M, =
0.0018  —0.0070 —0.0107 0.0210  0.0402 0.1242 0.0044 —0.0047
—0.0070  0.0034 —0.0014 —0.0127  —0.0209  —0.3602 —0.0127 0.0137
—0.0107  —0.0014 0. 0. —0.0002  0.00007 2.5x107% —2.7x 1070
0.0210  —0.0127 0. 0.0453  0.0972 1.1315 0.0400 —0.0431
0.0402  —0.0209 —0.0002 0.072  —2.6872 —1.6324  —0.0577 0.0622
0.1242  —0.3602 0.00007 11315  —1.6324 —21.1625 0.0081 —0.0088
0.0043  —0.0127  2.56 x 10°°®  0.0400  —0.0577  0.0081 5445.6 —0.0003

—0.0047 0.0137 —2.76 x 107°  —0.0431 0.0622 —0.0088 —0.0003 10576.6




S=.12, M =1TeV,6 My =10 TeV ,

NEUTRINO MASS EIGENVALUES (eV)

(my =0, my=0.0087 , m3 =0.01208 , ms = 0.122359) eV
(ms = 2.54454 | mg = 21.3726 , m; = 5445.6 , mg = 10576.6) eV

m3—m?=755x10"5, m3—m?=16x10"*



NEUTRINO MIXING

U, =
0.121 0.608 0.746 —0.239 —0.011 —0.005 8x 1077 —4x 1077
—0.940 0.118 0.146 0.280 —0.004 0.016 —2x10°° x10°
0.006 —0.772 0.634 0.017 3x107° —4x107% 4x1071° _—2x107%0
—0.316 —0.135 —0.135 —0.927 x10~4 —0.052 7x107° —4 %107
—0.002 0.007 0.008 —0.005 0.996 0.087 — x107° 5x 1070
0 —0.006 —0.006 —0.055 —0.087 0.994 %1070 —8x10°
0 8x 1077 8x 1077 7 %1070 x107° —1x1077 1. —6 x 108
0. —4x1077 —4x1077 —4x107% —5x107% 7x10"8 6x 108 1.




PREDICTIONS:

. NEW MASSIVE GAUGE BOSONS AND SCALARS, (1-10) TeV

. VECTOR LIKE QUARKS AND CHARGED LEPTONS,

(1400 GeV - few TeV )

. STERILE NEUTRINOS:

Light (eV), May be two
Heavy (KeV-GeV),



